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TO  INVESTIGATE  THE  THERAPEUTIC  EFFECTS  OF  THE  COX-2  INHIBITOR 
NS-398  AS  A  SINGLE  AGENT,  AND  IN  COMBINATION  WITH  VITAMIN  D,  IN 
VITRO  AND  IN  VIVO 

Introduction  and  Body: 

A  summary  of  this  proposal  was  the  follow  statement 

The  incidence  of  prostate  cancer  has  increased  rapidly  during  the  past  decades  and  it  has 
now  become  the  most  common  malignancy  of  men  in  many  Western  nations.  In  the  USA, 
prostate  cancer  represents  the  second  leading  cause  of  cancer  death  in  men.  ost  prostate  cancer 
initially  responds  to  androgen  ablation  treatment,  however,  eventually  it  relapses  to  an 
androgen-independent  state,  leading  to  tumor  outgrowth.  Therefore,  much  effort  is  needed 
towards  understanding  the  mechanisms  involved  in  development  and  progression  of  prostate 
cancer  and  developing  new  strategies  for  its  prevention  and  treatment. 

Results  of  recent  epidemiologic  and  animal  model  studies  have  suggested  that  nonsteroidal 
anti-inflammatory  drugs  (NSAIDs),  which  prevent  biosynthesis  of  prostagladins,  biosynthesis 
through  inhibition  of  COX  activity,  act  as  chemopreventative  agents.  We  examined  the 
expression  of  COX-2  in  prostate  cancer  tissue  arrays,  which  consist  of  normal,  BPH,  PIN, 
and  low-and  high-grade  prostate  tumor  samples.  In  our  preliminary  study  we  found  that 
COX-2  expression  is  significantly  higher  in  cancer  than  in  nonnal  or  BPH  prostate  samples 
and  the  tendency  of  COX-2  expression  in  prostate  cancer  cells  is  consistent  with  prostate 
cancer  cell  lines,  implying  COX-2  expression  in  prostate  cancer  might  be  up-regulated  during 
cancer  progression.  Treatment  of  prostate  cancer  cells  with  a  selective  COX-2  inhibitor, 
NS-398,  induces  VDR  expression,  and  thus  might  result  in  increasing  the  vitamin  D 
sensitivity  of  such  cells.  In  return,  treatment  of  prostate  cancer  cells  with  1,25-VD  results  in 
reduction  of  COX-2  mRNA  expression,  but  not  COX-1  expression. 

Based  on  the  bi-directional  regulation  involving  vitamin  D  and  the  COX-2  inhibitor,  we 
hypothesize  that  combining  vitamin  D  and  a  COX-2  inhibitor  in  the  treatment  of  prostate 
cancer  will  be  beneficial  to  the  treatment  of  prostate  cancer. 

In  this  proposal,  we  will  examine  the  effects  of  combination  of  1,25-VD,  its  analog  (EB1089), 
and  a  COX-2  inhibitor  NS-398,  compared  with  single  agent  treatment,  on  prostate  cancer 
growth,  apoptosis,  invasion,  angiogenesis,  and  neuroendocrine  differentiation  in  vitro  and  in 
vivo.  Four  Specific  Aims  are  proposed. 

AIM  1:  Evaluation  of  the  molecular  mechanism  of  COX-2  inhibitor  NS-398  action  on  the 
growth  of  prostate  cancer  cells. 

AIM  2:  Evaluation  of  the  effects  of  1,25-VD  and  its  analogs  in  combination  with  COX-2 
inhibitor  on  progression  of  prostate  cancer  cells. 

AIM  3:  Evaluation  of  the  underlying  mechanism  of  the  bi-directional  regulatory  pathways 
between  the  COX-2  inhibitor  NS-398  and  vitamin  D. 

AIM  4:  Evaluation  of  the  effects  of  COX-2  inhibitor,  administered  in  combination  with 
vitamin  D  compounds,  on  prostate  cancer  progression  and  invasion  in  vivo. 

Our  proposed  schedule  for  completion  of  this  proposal  included  the  following  tasks  during 
the  first  12  month. 

Task T.  Detennine  whether  the  inhibition  of  growth  mediated  by  NS-398  is  a 
COX-2-dependent  pathway.  (Month  1-6) 

Measure  the  COX-2  protein  level  and  prostaglandin  secretion  level 
Restore  NS-398  effect  by  adding  prostaglandin 
Task  2:  Determine  the  NS-398  mediated  anti-tumor  pathways.  (Month  1-12) 

Anti-proliferation 
Anti-invasion 
Anti-  tumorigenesis 
Anti-angiogenesis 

Task  3:  Detennine  the  molecules  that  are  responsible  for  NS-398  anti-tumor  action.  (Month 


4 


6-18) 

RT-PCR,  and  real-time  PCR  analysis  of  expression  of  known  genes  involved  in 

NS-398  action 

DNA  array  analysis 

Key  Research  Accomplishments  and  Reportable  Outcomes: 

Our  progresses  and  competition  of  Task  1 ,  2  and  3  have  generated  two  publications 
(please  see  the  appendix).  These  two  publications  cover  the  roles  of  1,25-vitamin 
D3/VDR  cross-talk  with  androgen/androgen  receptor,  the  key  factor  control  the 
prostate  cancer  growth,  as  well  as  how  1,25 -Vitamin  D3  inhibit  prostate  cancer 
invasion  via  modulate  several  proteinase  activities.  Both  of  publication  can  serve  as 
the  base  for  investigation  of  combination  effects  of  1,25-vitamin  D3  and  COX-2 
inhibitors  for  inhibition  prostate  cancer  progression.  We  have  also  tested  the  COX-2 
inhibitor  NS-398  effects  on  VDR/1, 25-Vitamin  D3  down-stream  targeted  genes 
CYP24  expression  by  Real-time  quantification  PCR.  As  shown  in  Figure  1,  in  both 
PC3,  and  LNCaP  cells,  applying  NS-398  into  the  cells  reduced  the  VDR  mRNA 
expression  as  well  as  VDR/ 1,2  5  -Vitamin  D3  targeted  genes  CYP24  expression 
significantly. 

In  addition  to  these  two  publications,  COX-2  RNAi  has  generated  to  confirm  the 
specificity  of  COX-2  action  in  prostate.  We  will  use  COX-2  RNAi  for  further 
analyses. 

Most  importantly,  we  have  started  animal  studies  to  examine  the  combination  effects 
of  COX-2  inhibitor  NS-398  and  1,25-Vitamin  D3.  Human  prostate  cancer  xenograft 
in  an  athymic  mouse  model,  which  mimics  prostate  cancer  progression  in  vivo  has 
established.  Young  adult  male  mice,  at  age  of  6-8  weeks  will  be  subcutaneously 
injected  with  2.5  x  106  LNCaP  cells.  Tumors  will  be  allowed  to  grow,  measured 
weekly  with  calipers,  and  tumor  volumes  will  be  calculated  using  the  formula  0.532  x 
r\2  x  r2  (r\<r2).  Once  tumors  reach  a  volume  of  0. 5-1.0  cm3,  animals  will  be 
randomly  grouped  in  two  categories:  (1)  castration  alone,  or  (2)  castration  plus 
EB1089,  NS-398,  or  a  combination  of  both.  As  shown  in  Figure  2,  a  significant 
suppression  effect  on  the  all  treatment  group  from  our  pilot  in  vivo  experiments  in 
which  2  animals  in  each  experiments.  We  will  continue  to  examine  with  more  animals 
for  each  group  in  the  coming  year. 


Figure  1.  Induction  of  VDR,  and  CYP24  mRNA  expressions  by  applying  COX-2 
inhibitor  NS-398  to  LNCaP  and  PC-3  prostate  cancer  cells.  LNCaP,  and  PC-3  cells 
were  seeded,  and  then  treatment  with  NS-398  (25  pM)  for  12  hrs,  and  then  cells  were 
harvested  and  total  RNA  were  extracted.  cDNA  from  the  two  cell  lines  were 
synthesized  by  reverse  transcription.  Real-Time  PCR  will  be  performed  using  the 
Bio-Rad  iQ  cycler.  CT  values  were  calculated  and  normalized  to  the  level  of  the 
housekeeping  gene  [1-microglobulin.  Relative  gene  expression  were  calculated 
according  to  2"A  CT  from  three  independent  experiments. 
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Figure  2.  The  anti-tumor  effects  of  1,25-Vitamin  D3,  NS-398,  and  combination 
effects  in  the  LNCaP -xenograft  nude  mouse.  Young  adult  male  mice,  at  age  of  8 
weeks  were  subcutaneously  injected  with  2.5  x  106  LNCaP  cells,  and  allow  tumor  to 
grow.  Tumor  volumes  were  calculated  using  the  formula  0.532  x  rl2  x  r2  (r\<r2),  and 
once  the  tumor  reached  to  0.5  cm3,  mice  were  treated  with  1)  control,  2)  1,25-vitamin 
D3  (3  jLXg/kg),  NS-398  (1.5  mg/Kg),  and  combination  twice  per  week,  and  tumor  size 
were  measured.  The  data  were  generated  from  two  mice  each  group. 

Conclusion: 

As  we  demonstrated  in  our  progression  report,  this  project  has  moved  smoothly  and 
during  this  period,  we  generated  two  papers  in  regards  to  the  vitamin  D  anti-prostate 
cancer  action.  In  continue  of  this  study  we  have  started  in  vivo  studies  as  well  as 
established  all  the  essential  tools  for  further  dissection  the  molecular  mechanisms  for 
this  combination  effects.  We  expected  we  will  be  able  to  obtain  more  promising  data 
and  then  allow  us  to  apply  this  concept  into  the  clinical  application. 
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Androgen-Receptor  Coregulators  Mediate  the  Suppressive 
Effect  of  Androgen  Signals  on  Vitamin  D  Receptor  Activity 

Huei-Ju  Ting,1*  Bo-Ying  Bao,2*  Cheng-Lung  Hsu,1  and  Yi-Fen  Lee1 

Departments  of ‘Urology  and  2Chemical  Engineering,  University  of  Rochester,  601  Elmwood  Ave.,  Rochester,  NY  14642 


Overexpression  of  androgen  receptors  (AR)  in  PC-3  cell, 
and  treatment  of  5a-dihydrotestosterone  in  LNCaP 
cells  lead  to  the  suppression  of  VDR  transactivation. 
Competition  for  shared  coregulators  between  AR  and 
VDR  is  one  possible  mechanism  to  explain  the  suppres¬ 
sive  effect  of  androgen-AR  signals  on  VDR  activity. 
Among  the  AR  coregulators  we  tested,  ARA54,  ARA70, 
supervillin,  and  gelsolin  were  found  to  enhance  VDR 
transactivation.  Further  characterization  of  the  interac¬ 
tion  between  ARA54  or  ARA70  and  VDR  demonstrated 
a  direct  interaction  between  VDR  and  ARA70,  but  no 
association  between  ARA54  and  VDR.  The  LXXLL  motif 
of  ARA70  is  essential  for  interaction  with  VDR  and  par¬ 
tially  responsible  for  its  function  as  a  coactivator  of 
VDR.  The  suppression  of  VDR  transactivation  by  AR 
signal  was  restored  by  overexpression  of  ARA70,  but 
not  ARA54.  Together,  ARA70  and  ARA54  modulate 
VDR  transactivation,  and  the  competition  for  ARA70 
mediates  the  suppressive  effect  of  androgen-AR  on  VDR 
transactivation. 

Keywords:  1  a,25-Dihydroxyvitamin  D3;  vitamin  D3  re¬ 
ceptor;  androgen  receptor;  coregulators. 


Introduction 

Treatment  with  la, 25-dihydroxy  vitamin  D3  (1,25-VD) 
inhibits  proliferation  and  promotes  differentiation  in  sev¬ 
eral  types  of  cancers  (1).  The  implications  for  clinical  use¬ 
fulness  has  triggered  a  number  of  studies  regarding  the  use 
of  1,25-VD  to  treat  prostate  cancer  (PCa)  (2).  Among  sev¬ 
eral  established  human  PCa  cell  lines,  including  LNCaP, 
DU145,  PC-3,  ALVA-3,  and  MDA  PCa,  treatment  with  1,25- 
VD  led  to  antiproliferation  effects,  but  in  varying  degrees 
(3,4).  For  example,  DU145,  PC-3,  ALVA-3,  and  MDA  PCa 
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2a  display  less  growth  inhibition  with  1,25-VD  (<20% 
inhibition)  than  LNCaP  and  MDA  PCa  2b  (approx  50%). 
These  varied  degrees  of  1,25-VD  growth  inhibition  indi¬ 
cate  cells  develop  resistance  to  1 ,25-VD  treatment  and  hence 
become  less  sensitive  to  1,25-VD.  The  receptor  for  1,25- 
VD  (VDR),  which  transmits  the  ligand  signal  to  the  nucleus 
and  regulates  the  transcription  of  target  genes,  is  universally 
expressed  in  the  PCa  cells  studied  (3,4).  The  antiprolifer¬ 
ation  effect  of  1,25-VD  is  suggested  to  be  partly  correlated 
with  VDR  expression  level  and  transactivity  (3).  Signals 
affecting  VDR  activity  are  potentially  involved  in  the  devel¬ 
opment  of  1 ,25-VD  resistance.  The  fact  that  1 ,25-VD-resis- 
tant  cells  are  also  androgen-independent  implies  that  the 
defects  in  1,25-VD  signaling  may  be  a  result  of  the  altered 
molecular  context  derived  in  such  forms  of  PCa. 

Androgens  are  important  for  the  growth  of  PCa,  and  anti¬ 
androgens  have  been  used  therapeutically  for  decades.  Phar¬ 
macological  or  surgical  androgen  ablation  therapy  is  com¬ 
monly  used  to  treat  PCa  patients.  Although  tumors  shrink 
significantly  after  therapy,  the  majority  of  patients  develop 
hormone-refractory  PCa.  Numerous  mechanisms  revealed 
to  date  demonstrate  that  diverse  signaling  pathways  are  in¬ 
volved  in  developing  resistance  to  androgen  ablation  (5). 
First,  mutant  ARs  with  broad  ligand  sensitivity  have  been 
found  to  utilize  hormones  other  than  androgen  to  trans¬ 
mit  growth-promoting  signals  (5).  Second,  amplification  of 
growth  hormone  signals,  such  as  HER2/neu,  in  PCa  can 
stimulate  growth  and  eventually  bypass  AR  (5).  Third,  over¬ 
expression  of  coregulators,  such  as  SRC-1,  TIF-2,  and  gel¬ 
solin,  in  androgen-independent  PCa  has  been  shown,  that 
may  magnify  AR  activity  in  the  presence  of  trace  amounts 
of  androgen  (6,7).  A  more  recent  finding  also  demonstrated 
that  hydroxyflutamide,  an  antiandrogen,  could  activate  the 
MAPK  pathway,  an  effect  that  might  contribute  to  the  devel¬ 
opment  of  PCa  resistance  to  androgen  ablation  (8).  Either 
one  of  mechanisms  or  a  combination  of  several  mechanisms 
described  above  can  result  in  the  development  of  androgen- 
independent  cell  growth,  and  therefore  play  roles  in  1,25- 
VD  resistance. 

Most  coregulators  associate  with  and  modulate  more  than 
one  steroid  receptor.  AR  coregulators,  originally  identified 
as  AR-associated  proteins,  also  modulate  many  other  steroid 
receptors.  As  previously  reported,  ARA54  enhances  AR  and 
progesterone  receptor  (9);  ARA70  enhances  peroxisome 
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proliferator  activated  receptor  y  and  AR  (10);  and  gelsolin 
and  supervillin  enhance  AR  and  glucocorticoid  receptor 
(7,11).  It  is  highly  possible  that  VDR  and  AR  share  the  same 
coregulators  and  the  potential  cross-talk  between  VDR  and 
androgen-AR  signals  mediated  by  coregulators  might  ac¬ 
count  for  vitamin  D  action  in  PCa.  Therefore,  evaluation  of 
the  function  of  androgen-AR  signals  and  AR  coregulators 
on  VDR  activity  is  the  first  step  to  elucidate  their  roles  in 
vitamin  D  response.  Here  we  characterize  the  effects  of  andro¬ 
gen-AR  signals  and  AR  coregulators  on  VDR  transactivity, 
which  may  provide  us  information  about  potential  mecha¬ 
nisms  of  1,25-VD  resistance  in  PCa  cells. 


Results 

Androgen  Signaling  Suppresses  VDR  Transactivation 
We  tested  how  androgen-AR  signals  influence  1,25-VD 
signaling  through  VDR.  The  1 ,25-VD-induced  VDR  activ¬ 
ity  is  measured  by  the  activation  of  VDR  target  gene,  rat 
CYP24  promoter-controlled  reporter  gene,  rCYP24-LUC. 
Overexpression  of  AR  in  PC-3  suppresses  the  1,25-VD- 
induced  VDR  transactivation  (Fig.  1  A,  lane  2  vs  5),  with  fur¬ 
ther  suppression  after  addition  of  the  androgen,  5a-dihydro- 
testosterone  (DHT)  (lane  5  vs  6).  On  the  other  hand,  DHT 
treatment  in  the  AR-containing  cells,  LNCaP,  suppresses 
VDR  activity  (Fig.  IB).  To  examine  whether  the  VDR  amount 
was  reduced  after  DHT  treatment,  we  compared  the  VDR 
protein  levels.  As  shown  in  Fig.  1 C,  the  protein  level  of  VDR 
was  increased  under  the  treatment  of  DHT  (lane  3  vs  lane  2). 
Therefore,  the  suppression  of  VDR  activity  by  androgen- 
AR  signals  is  not  due  to  reduced  amount  of  VDR  under  DHT 
treatment.  The  overexpression  of  AR  in  PC-3  and  activation 
of  AR  in  LNCaP,  both  suppress  VDR  transactivation,  sug¬ 
gesting  a  possible  cross-talk  between  AR  and  VDR  in  gene 
regulation. 
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Some  of  AR  Coregulators  Modulate  VDR  Transactivation 

To  investigate  the  cross-talk  between  AR  and  VDR  sig¬ 
naling,  we  hypothesize  that  coregulators  shared  by  VDR 
and  AR  may  mediate  the  cross-talk  between  1,25-VD  and 
androgen  signaling  pathways.  We  have  screened  several 
known  AR  coregulators  for  their  ability  to  modulate  VDR 
transactivation.  The  COS- 1  cell  line  was  selected  for  exam¬ 
ination  of  coregulators’  effect  on  VDR  due  to  the  absence 
of  most  steroid  receptors,  which  eliminates  interference  from 
other  steroid  receptors.  Among  several  AR  coregulators  ex¬ 
amined,  ARA54,  ARA70,  gelsolin,  and  supervillin  were 
found  to  enhance  VDR  (Fig.  2),  whereas  ARA55  and  ARA24 
had  no  effect  on  1,25-VD-induced  VDR  transactivation 
(data  not  shown).  SRC- 1  and  SMRT,  the  known  VDR  coac¬ 
tivator  and  corepressor,  respectively,  served  as  controls. 

The  relative  expression  levels  of  coregulators  and  VDR 
may  affect  coregulator  function.  By  defining  the  minimum 
and  maximum  activity  of  coregulators,  we  can  determine 


Fig.  1.  Modulation  of  VDR  transactivity  by  androgen-AR  signal. 
(A)  PC-3  cells  were  plated  at  a  density  of  105  cells/well  in  24-well 
plate.  Cells  were  co-transfected  with  0.375  pg  pCMV  or  pCMV- 
AR,  0.125  pg  prCYP24-LUC,  and  1  ng  pRL-SV40by  SuperFect. 
After  20  h,  cells  were  treated  with  EtOH  or  1 0~7  M  1,25-VD  for 
another  24  h  before  being  harvested.  The  LUC  activity  relative  to 
lane  1  was  calculated  and  the  mean  ±  SD  of  three  independent 
experiments  is  shown.  (B)  LNCaP  cells  were  plated  at  a  density 
of  3  x  104  cells/well  in  24-well  plates.  After  24  h,  cells  were  trans¬ 
fected  with  0.6  pg  prCYP24-LUC  and  1  ng  pRL-S V40  by  Super¬ 
Fect.  After  20  h,  cells  were  treated  with  EtOH,  1,25-VD  or  DHT, 
as  indicated,  for  another  24  h.  Cells  were  then  harvested  for  the 
LUC  assay.  The  LUC  activity  relative  to  lane  1  was  calculated 
and  the  mean  ±  SD  of  three  independent  experiments  is  shown. 
(C)  The  expression  of  AR  and  VDR  after  treatment  in  LNCaP 
cells  was  detected  by  Western  blotting.  LNCaP  was  seeded  at  a 
density  of  106  cells/dish  in  100  mm  dishes.  After  treating  with 
ligands  as  indicated  for  24  h,  cell  lysates  were  harvested  for  the 
detection  of  AR,  VDR,  and  actin  expression  amount.  The  level  of 
expression  was  extrapolated  by  densitometric  analysis  after  cor¬ 
rection  by  actin  amount. 


Vol.  26,  No.  1 


AR  Coregulators  Modulate  VDR  Transactivity  /  Ting  et  al. 


3 


Fig.  2.  The  effects  of  coregulators  on  VDR  transcriptional  activity  in  COS-1  cells.  COS-1  cells  were  plated  at  a  density  of  3  x  104  cells/ 
well  in  24-well  plates,  24  h  later  cells  were  co-transfected  with  pSG5-AR  or  0.2  pg  pSG5-VDR,  0.6  pg  coregulator  expression  vector 
or  empty  vector,  and  0.2  pg  prCYP24-LUC  by  SuperFect.  After  transfection  overnight,  cells  were  then  incubated  with  either  EtOH  or 
10-7  M  1,25-VD.  After  24  h,  cell  lysates  were  prepared  and  used  for  LUC  assay.  The  LUC  activity  relative  to  lane  1  was  calculated  and 
the  mean  ±  SD  of  three  independent  experiments  is  shown. 


coregulator  efficiency  and  the  influence  of  cellular  context 
on  coregulator  function.  Therefore,  we  titrated  the  relative 
coregulator  plasmid  compared  with  that  of  VDR  from  1  to 
1  up  to  8  to  1 .  SRC- 1  was  found  to  enhance  VDR  and  SMRT 
was  found  to  repress  VDR  activity  starting  at  a  ratio  of  1  to 
1 ,  while  most  AR  coregulators  tested  were  found  to  enhance 
VDR  starting  at  a  ratio  of  4  to  1  (Fig.  3).  Among  AR  coreg¬ 
ulators,  ARA70  was  shown  to  be  the  strongest  enhancer  of 
VDR  activity,  whereas  gelsolin  and  ARA54  showed  the 
weakest  enhancement  of  VDR  transactivity  in  COS-1  cells. 
Therefore,  we  focused  on  ARA70  and  ARA54  to  further 
dissect  their  mechanisms  of  actions. 

ARA70  Directly  Associates  with  VDR  But  Not  ARA54 
Most  coregulators  associate  with  nuclear  receptors  and 
then  modulate  receptor  activity.  We  determined  whether 
ARA54  and  ARA70N  associated  with  VDR  using  the  mam¬ 
malian  two-hybrid  and  GST  pull-down  assays.  Some  pro¬ 
teins  may  lose  their  function  when  conjugated  with  Gal4 
(DBD)  or  VP  16.  Therefore,  we  selected  the  one  with  proper 
function  maintained  after  conjugation  with  Gal4(DBD)  or 


VP16  for  mammalian  two-hybrid  assay.  To  ensure  these 
conjugated  coregulators  have  proper  function,  we  demon¬ 
strated  that  Gal-ARA54C  can  interact  with  VP16-AR;  VP16- 
VDR  can  interact  with  Gal-RXRa-LBD;  and  the  VP16- 
ARA70N  interacts  with  Gal-AR,  which  were  used  as  positive 
controls  (Fig.  4A).  Co-transfection  of  plasmids  expressing 
Gal-ARA54C  with  VP16-VDR  demonstrated  minor  inter¬ 
action  between  VDR  and  ARA54C  (Fig.  4A).  On  the  other 
hand,  Gal-VDR  interacted  with  VP16-ARA70N  in  a  ligand- 
dependent  manner  in  the  two-hybrid  system  (Fig.  4A).  We 
further  demonstrated  the  interaction  by  using  in  vitro  GST 
pull-down  assay,  which  showed  ligand-independent  inter¬ 
action  between  ARA70  and  VDR-L  (Fig.  4B),  whereas 
there  was  no  interaction  between  ARA54  and  VDR-L.  The 
ligand-independent  interaction  between  ARA70  and  VDR- 
L  in  GST-pull  down  assay  while  ligand-dependent  interac¬ 
tion  between  ARA70N  and  VDR  in  mammalian  two-hybrid 
assay  implied  another  interaction  domain  may  be  located  in 
the  C-terminus  of  ARA70  that  is  responsible  for  such  inter¬ 
action.  It  may  also  result  from  fusion  protein  characteristics, 
or  differences  in  the  overall  assay  environments. 
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Fig.  3.  The  titration  of  coregulators  shows  dose-dependent  effects  in  promoting  VDR  transcriptional  activity.  COS-1  cells  were  plated 
and  transfected  as  described  in  Fig.  2  except  that  relative  amounts  of  plasmids  encoding  coregulators  to  plasmids  encoding  VDR  ranging 
from  1  to  1  up  to  8  to  1  were  transfected.  The  total  amount  of  transfected  plasmids  was  adjusted  to  1  pg/well  by  addition  of  the  empty 
vector.  After  transfection  overnight  cells  were  then  incubated  with  EtOH  or  10"7  M  1,25-VD.  After  24  h,  cell  lysates  were  prepared  and 
used  for  LUC  assay.  The  LUC  activity  relative  to  lane  1  was  calculated  and  the  mean  ±  SD  of  three  independent  experiments  is  shown. 
*p  <  0.05;  **p  <  0.01  significant  differences  compared  with  1,25-VD  treated  groups. 


LXXLL  Motif  in  ARA70 

Is  Important  for  Interaction  with  VDR 

LXXLL  sequence  motifs  are  important  for  most  coreg¬ 
ulators,  including  SRC-1,  TIF-II,  and  NCoR,  to  associate 
with  steroid  receptors,  such  as  estrogen  receptor,  RXR,  and 
VDR.  There  is  one  LXXLL  motif  in  ARA70  located  in  its 
N-terminus.  Point-mutated  ARA70N  containing  LXXAA 


instead  of  LXXLL  was  constructed  and  characterized  for 
its  interaction  ability  with  VDR.  By  using  mammalian  two- 
hybrid  assay,  we  demonstrated  that  VP16-ARA70N  mutant 
(LXXAA)  lost  the  interaction  with  Gal4(DBD)-VDR  indi¬ 
cating  the  LXXLL  motif  in  ARA70N  is  essential  for  inter¬ 
action  with  VDR  (Fig.  5A).  We  further  tested  the  ability  of 
mutant  ARA70  to  promote  VDR  transactivity.  Overexpres- 
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Fig.  4.  The  interaction  between  VDR  and  ARAs  was  analyzed  in  mammalian  two-hybrid  and  GST  pull-down  assays.  (A)  COS-1  cells 
were  plated  at  a  density  of  3  x  104  cells/well  in  24-well  plates.  After  24  h,  the  mammalian  two-hybrid  assay  was  performed  by  co-trans¬ 
fection  of  plasmids  expressing  0.2  pg  Gal-VDR,  -RXRa-LBD,  or  -ARAs,  0.2  pg  VP16,  VP16-VDR,  -AR  or  -ARAs,  0. 1  pg  pG5-LUC,  and 
1  ng  pRL-SV40  as  indicated.  After  20  h,  cells  were  treated  with  EtOH,  10~8  MDHT,  or  10-7  M  1,25-VD  for  another  24  h,  and  were  then 
harvested  for  the  LUC  assay.  The  LUC  activity  relative  to  lane  1  was  calculated  and  the  mean  ±  SD  of  three  independent  experiments 
is  shown.  (B)  GST  and  GST-VDR-L  proteins  were  expressed  and  purified  from  bacteria.  Full-length  RXR,  ARA54,  and  ARA70  were 
expressed  in  vitro  and  labeled  with  [,5S] methionine.  After  incubating  with  EtOH  or  10-6  M  1,25-VD  for  1  h  at  4°C,  GST-VDR-L  was 
further  incubated  with  RXR,  ARA54,  or  ARA70  for  another  2  h.  The  pull-down  complexes  were  separated  by  12%  SDS-PAGE  and 
analyzed  by  phosphorimager  for  the  detection  of  radioactive  signals. 
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Fig.  5.  The  interaction  and  coactivator  activity  of  ARA70  mutant 
to  VDR  were  analyzed  in  mammalian  two-hybrid  and  reporter 
assays.  (A)  COS-1  cells  were  plated  at  a  density  of  3  x  104  cells/ 
well  in  24-well  plates.  After  24  h,  the  mammalian  two-hybrid 
assay  was  performed  by  co-transfection  of  plasmids  expressing 
0.2  pg  Gal-VDR,  with  0.2  pg  VP16,  VP16-ARA70,  or  VP16- 
ARA70(LXXAA),  with  0.1  pg  pG5-LUC,  and  2.5  ng  phRL-tk. 
After  20  h,  cells  were  treated  with  EtOH  or  10“7  M  1,25-VD  for 
another  24  h,  and  were  then  harvested  for  the  LUC  assay.  The 
LUC  activity  relative  to  lane  1  was  calculated  and  the  mean  ±  SD 
of  three  independent  experiments  is  shown.  (B)  COS-1  were 
plated  and  transfected  with  62.5  ngpSG5-VDR,  125  ngprCYP24- 
LUC,  2.5  ng  phRL-tk,  and  3 12.5  ng  pSG5,  pSG5-ARA70,  or  pSG5- 
ARA70(LXXAA).  Cells  were  then  treated  and  harvested  for  LUC 
assay  as  described  in  A. 

sion  of  mutated  ARA70  containing  LXXAA  motif  in  vita¬ 
min  D-responsive  reporter  gene  assay  showed  that  coacti¬ 
vation  of  VDR  was  significantly  reduced  compared  to  wild- 
type  ARA70  (Fig.  5B).  However,  the  mutant  ARA70  did 
not  completely  lose  its  coactivation  function,  which  implies 
another  interaction  domain  is  located  in  the  C-terminus  of 
ARA70  that  may  still  interact  with  VDR.  These  results  indi¬ 
cate  that  the  LXXLL  motif  in  ARA70  is  important  for  inter¬ 
action  with  VDR  and  for  co-activation  of  VDR. 


Overexpression  of  ARA70  Restores 

VDR  Transactivity  Suppressed  by  Androgen 

The  fact  that  both  VDR  and  AR  can  interact  with  ARA70 
indicates  the  cross-talk  between  these  two  receptors  may 
be  mediated  by  competing  for  ARA70.  We  tested  whether 
we  could  overexpress  sufficient  amounts  of  ARA70  for  VDR 
transactivation  even  in  the  presence  of  androgen.  Different 
amounts  of  plasmids  encoding  ARA70  protein  were  trans¬ 
fected  into  LNCaP  where  androgen  treatment  suppressed 
VDR  transactivity  (Fig.  IB).  The  androgen-suppressed  VDR 
transactivity  was  dose-dependently  restored  by  increasing  the 
transfected  amount  of  ARA70  plasmids  (Fig.  6).  However, 
ARA54,  which  promoted  VDR  through  an  indirect  mech¬ 
anism,  could  not  restore  VDR  transactivity  suppressed  by 
androgen.  Therefore,  androgen  treatment  did  not  prevent 
ARA54  from  promoting  VDR  transactivity,  but  did  squelch 
ARA70  from  interacting  with  VDR,  hence  decreasing  VDR 
transactivity. 

Discussion 

The  finding  that  androgen-AR  signal  can  attenuate  VDR 
transactivation  led  us  to  investigate  whether  AR  coregula- 
lors  can  interact  with  VDR  and  enhance  VDR  transactiva¬ 
tion.  The  interaction  between  AR  coregulators  and  VDR 
suggests  the  cross-talk  between  AR  and  VDR  is  mediated  by 
shared  coregulators.  The  interaction  between  ARA70  and 
VDR  implies  that  AR  and  VDR  could  be  linked  together  by 
ARA70,  or  that  they  may  compete  for  binding  to  ARA70. 
Most  coregulators  utilize  the  LXXLL  sequence  motifs  to 
associate  with  steroid  receptors,  while  AR  coregulators  also 
utilize  a  unique  motif,  FXXLF  ( 12,13).  Interestingly,  these 
two  motifs  co-exist  in  ARA70,  implying  that  AR  and  another 
steroid  receptor  may  associate  with  ARA70  without  com¬ 
peting  with  each  other.  Further  investigation  showed  that 
VDR  associates  with  ARA70  through  the  LXXLL  motif, 
but  not  the  FXXLF  motif  (data  not  shown).  Our  result  show¬ 
ing  that  VDR  transactivity  suppressed  by  androgen  was  re¬ 
stored  by  overexpression  of  ARA70  indicates  that  the  com¬ 
petition  for  association  with  ARA70  between  VDR  and  AR 
mediates  this  cross-talk.  Another  AR  coregulator,  ARA54, 
also  enhances  VDR  transactivity,  but  no  direct  interaction 
between  these  two  proteins  was  observed  in  either  the  mam¬ 
malian  two-hybrid  or  GST  pull-down  assay.  A  recent  study 
has  shown  that  ARA54  may  act  as  a  Ub-ligase  (E3)  and  exert 
proteasome  function  (14).  Therefore,  the  degradation  of 
VDR  partners  may  be  regulated  by  ARA54,  an  effect  that 
indirectly  modulates  VDR  transactivity.  This  mechanism  may 
exist  in  spite  of  no  direct  interaction  with  VDR.  Because 
androgen  signals  did  not  squelch  ARA54  from  promoting 
VDR  transactivity,  the  overexpression  of  ARA54  could  not 
restore  VDR  transactivity  in  the  presence  of  androgen. 

This  observation  also  suggests  that  the  context  of  AR  and 
AR  coregulators  in  cells  can  contribute  to  how  androgen- 
AR  affects  the  vitamin  D-VDR  signaling.  Among  all  the  co- 
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Fig.  6.  The  dose-dependent  effects  of  ARA70  in  restoring  VDR  transcriptional  activity  suppressed  by  androgen  signal.  LNCaP  cells  were 
plated  as  described  in  Fig.  1 .  The  amount  of  plasmids  encoding  coregulators  ranging  from  0. 1 , 0.5,  to  1  pg  were  transfected.  Total  amount 
of  transfected  plasmids  was  adjusted  to  1  pg/well  by  empty  vector.  After  2-3  h  incubation,  cells  were  allowed  to  recover  with  CD-FBS 
supplemented  medium  overnight.  Cells  were  then  incubated  with  EtOH,  10  7  M  1,25-VD  or/and  10“8  M  DHT.  After  24  h,  cell  lysates 
were  prepared  and  used  for  LUC  assay.  The  LUC  activity  relative  to  lane  1  was  calculated  and  the  mean  ±  SD  of  three  independent 
experiments  is  shown.  **p  <  0.01;  ***p  <  0.005  significant  differences  compared  to  lane  4. 


activators  we  tested,  only  some  show  the  enhancing  effect. 
In  fact,  ARA55  did  not  promote  VDR  transactivation  (data 
not  shown).  The  order  of  promoting  capacity  is  SRC-1  > 
ARA70  >  supervillin  >  gelsolin  >  ARA54  (Fig.  3).  Some 
studies  report  the  overexpression  of  coregulators,  includ¬ 
ing  SRC-1  and  gelsolin,  in  hormone-refractory  PCa.  This 
implies  enhanced  VDR  transactivity,  hence  the  reponse  to 
vitamin  D  may  occur  in  hormone-refractory  PCa.  More 
studies  are  needed  to  characterize  the  expression  levels  of 
other  coregulators  in  various  stages  of  PCa.  Nonetheless, 
one  report  demonstrated  that  31%  of  hormone-refractory 
tumors  contained  AR  gene  amplification  (15).  Increased 
expression  of  AR  during  PCa  progression  may  result  in  sup¬ 
pressed  VDR  activity  and  diminished  antiproliferation  ef¬ 
fects  of  vitamin  D  in  higher-grade  PCa  patients.  The  com¬ 
position  of  AR  and  coregulators  in  cells  provides  an  envi¬ 
ronment  where  VDR  activity  is  affected.  Therefore,  when 
evaluating  the  antiproliferation  effect  of  vitamin  D  in  pros¬ 
tate  cancer,  the  impact  from  overexpression  of  AR  and  coreg¬ 
ulators  should  both  be  considered. 

Several  studies  demonstrate  the  antiproliferation  effect 
of  vitamin  D  in  androgen-responsive  PCa  LNCaP  cells  is 
dependent  on  functional  AR.  First,  the  expression  of  AR 
is  induced  by  1,25-VD  and  this  induction  correlates  with 
growth  inhibition  effect  of  1,25-VD  ( 16).  Second,  anti-andro- 
gen  treatment  attenuates  the  growth-inhibitory  effect  of  1 ,25- 
VD  in  LNCaP  cells  ( 16).  Third,  AR  RNAi  depleted  AR  ex¬ 


pression  results  in  less  growth  inhibitory  effect  of  1,25-VD 
(17).  However,  antiandrogen  did  not  affect  the  anti-prolif¬ 
eration  effect  of  1,25-VD  in  androgen-refractory  PCa  cell 
lines,  MDA  PCa,  and  LNCaP-104Rl  (4,18).  Overexpres¬ 
sion  of  AR  in  ALVA  31  did  not  restore  the  response  to  1,25- 
VD  (18).  Those  results  indicate  that  1,25-VD  no  longer 
depends  on  AR  signaling  for  growth  inhibition  in  these  cell 
lines.  The  dilemma  that  1,25-VD  inhibits  PCa  growth 
through  functional  AR  while  functional  AR  suppress  VDR 
transactivity  complicates  the  outcome  from  the  cross-talk 
between  VDR  and  AR.  Therefore,  whether  the  functional 
AR  affected  VDR  transactivity  can  be  translated  into  the 
antiproliferation  effect  of  1,25-VD  may  depend  on  how  cells 
rely  on  androgen-AR  signal  for  growth. 

In  addition  to  PCa  cells,  VDR  is  widely  expressed  and 
functions  in  many  tissues,  such  as  parathyroid  gland,  bone, 
skin,  and  intestine  (19).  The  fact  that  AR  coregulators  mod¬ 
ulate  VDR  suggests  that  AR  can  suppress  VDR  activity  by 
competing  for  the  same  coregulators  in  common  target  tis¬ 
sues  of  VDR  and  AR,  such  as  the  hair  follicle  and  bone. 
Androgenetic  alopecia  occurring  in  men  is  androgen-depen¬ 
dent,  and  androgen-regulated  factors  secreted  from  dermal 
papilla  cells  are  believed  to  inhibit  the  growth  of  compo¬ 
nents  of  the  hair  follicle  (20).  Because  alopecia  also  occurs 
in  VDR  knockout  mice,  the  androgenetic  alopecia  might 
result  from  the  suppression  of  VDR  activity  by  androgen 
signals  in  the  hair  follicle  (21).  In  addition,  the  bone  volume 
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in  AR  knockout  mice  (ARKO)  is  reduced,  and  osteopenia 
may  result  from  increasing  numbers  of  osteoclasts  (22). 
The  formation  of  osteoclasts  is  induced  by  active  VDR  (23), 
which  implies  a  potential  mechanism  for  the  stimulation  of 
osteoclasts  in  ARKO  mice.  The  physiological  significance 
of  AR  signaling  on  VDR  target  genes  and  the  roles  of  co¬ 
regulators  in  mediating  this  cross-talk  should  be  further 
investigated. 

In  summary,  the  fact  that  overexpression  of  AR  in  PC-3 
cells  and  treatment  of  LNCaP  cells  with  DHT  both  sup¬ 
press  endogenous  VDR  transactivation,  supports  the  exist¬ 
ence  of  cross-talk  between  VDR  and  AR  in  gene  regulation. 
To  investigate  the  underlying  mechanism,  we  demonstrated 
that  several  AR  coregulators,  including  ARA54,  ARA70, 
gelsolin,  and  supervillin,  all  promote  VDR.  Furthermore, 
ARA70,  but  not  ARA54,  associates  with  VDR  and  overex¬ 
pression  of  ARA70  can  restore  the  androgen-AR  signal  sup¬ 
pressed  VDR  transactivity.  Therefore,  the  cross-talk  between 
VDR  and  AR  is  through  sharing  same  coregulators.  The 
altered  composition  of  AR  and  AR  coregulators,  which  fre¬ 
quently  occurs  during  PCa  progression,  may  contribute  to 
1,25-VD  resistance  in  PCa.  This  cross-talk  could  possibly 
exist  in  other  tissues  and  further  studies  are  required  to  elu¬ 
cidate  the  physiological  significance  resulting  from  the  in¬ 
terplay  between  androgen  signal,  androgen  coregulators,  and 
1,25-VD  signals. 

Materials  and  Methods 
Plasmids 

prCYP24-LUC  was  constructed  by  inserting  the  fragment 
containing  -950  bp — 55  bp  region  of  rCYP24  promoter 
released  from  rat  25-hydroxyvitamin  D3  24-hydroxylase 
gene  promoter  CAT  construct  (-2.2  kb— 1-188  bp),  a  kind 
gift  from  Dr.  Yoshihiko  Ohyama  (Hiroshima  University, 
Japan),  by  MscI  and  SacI  into  SacI  and  Smal  sites  of  pGL3- 
TK  (a  gift  from  Dr.  Eungseok  Kim,  University  of  Roches¬ 
ter,  Rochester,  NY).  The  cDNA  encoding  full-length  VDR 
was  amplified  by  PCR  and  inserted  into  the  pCMX-VP16 
vector  and  pCMX-Gal4.N  vector  to  generate  the  VP16- 
VDR  and  Gal4-VDR  expression  plasmids.  pCMV-Gal4- 
ARA54C  (amino  acids  361^474),  pCMV-Gal4-retinoid  x 
receptor  a  (RXRa)-ligand  binding  domain  (LBD),  and 
pG4ABl-hAR(DE)  (amino  acids  624-918)  were  used  for 
expression  of  Gal4-DNA  binding  domain  (DBD)-conju- 
gated  proteins.  The  plasmids  pCMX-VP16-ARA70N  (amino 
acids  1-401)  and  pCMX-VP16-AR  were  used  to  express 
VP16-conjugated  ARA70N  and  AR  full-length  proteins. 
The  cDNA  encoding  the  LBD  of  VDR  (VDR-L)  was  ampli¬ 
fied  by  PCR  and  inserted  into  the  pGEX-KG  vector  to  gen¬ 
erate  the  GST-VDR-L  expression  plasmid.  The  plasmid 
expressing  VP16-conjugated  mutant  ARA70N  (LXXAA) 
for  mammalian  two-hybrid,  pCMX-VP16-ARA70N(LX 
XAA),  was  described  previously  (24).  pSG5-ARA70(LX 
XAA)  was  constructed  by  replacing  a  fragment  from  EcoRI 


and  BglW  digested  pSG5-ARA70  with  a  fragment  released 
from  EcoRI  and  BglW  digested  pCMX-VP16-mtARA70. 

Transfection  Studies 

LNCaP  and  PC-3  cells  were  maintained  in  RPMI-1640 
containing  10%  FBS.  COS-1  cells  were  maintained  in  Dul- 
becco’s  modified  Eagle’s  medium  (Life  Technologies,  Inc., 
Rockville,  MD)  supplemented  with  10%  FBS.  Cells  were 
seeded  24  h  before  transfection,  then  transfected  according 
to  the  “SuperFect  Transfection”  instructions  (Qiagen,  Valen¬ 
cia,  CA).  After  2-3  h  incubation,  culture  medium  was  re¬ 
placed  with  medium  supplemented  with  10%  charcoal-dex- 
tran  treated  FBS  (CD-FBS).  After  20  h,  cells  were  treated 
with  EtOH,  1,25-VD,  or  DHT,  as  indicated,  then  further  in¬ 
cubated  at  37°C  for  16-24  h  before  harvesting.  Cell  lysates 
were  prepared  and  used  for  the  luciferase  (LUC)  assay  ac¬ 
cording  to  the  manufacturer’ s  instructions  (Promega,  Madi¬ 
son,  WI).  LUC  activity  was  normalized  with  internal  con¬ 
trol  Renilla-LUC  activity.  The  results  were  obtained  from 
at  least  three  independent  experiments  and  presented  as 
means  ±  SD. 

Mammalian  Two-Hybrid  Assay 

COS-1  cells  were  plated  at  a  density  of  3  x  104  cells/well 
in  24-well  plates.  After  24  h,  the  mammalian  two-hybrid 
assay  was  performed  by  co-transfection  of  plasmids  express¬ 
ing  0.2  pg  Gal4(DBD)-conjugated  receptors  or  ARAs,  0.2 
pg  VP16  alone,  VP16  conjugated  receptors,  or  ARAs,  0.1 
pg  pG5-LUC,  and  1  ng  pRL-SV40.  After  20  h,  cells  were 
treated  with  EtOH,  10~8  M  DHT,  or  10"7  M  1,25-VD  for 
another  24  h,  and  were  then  harvested  for  the  LUC  assay. 
The  LUC  activity  represents  interaction  between  receptors 
and  coregulators  tested. 

Glutathione  S-Transferase  (GST)  Pull-Down  Assay 

GST-VDR-L  fusion  protein,  and  GST  control  protein 
were  purified  (25).  The  GST  fusion  proteins  were  pulled 
down  by  glutathione  (GSH)  beads  at  4°C  for  1  h  and  washed 
three  times  with  washing  buffer.  The  purified  GST  fusion 
proteins  and  beads  were  incubated  in  100  pL  binding  buffer 
with  EtOH  or  1  p M  1,25-VD  for  1  h,  at  4°C.  In  vitro-trans- 
lated  35S-methionine-labeled  RXR,  ARA54,  and  ARA70 
full-length  proteins  were  produced  using  the  TNT-coupled 
reticulocyte  lysate  system  (Promega,  Madison,  WI).  Five 
microliters  of  RXR,  ARA54,  or  ARA70  was  then  added. 
After  incubating  for  2  h  at  4°C,  GSH  beads  were  washed 
with  washing  buffer  three  times.  Protein  complexes  were 
separated  by  12%  SDS-PAGE  and  visualized  by  Phosphor 
Imager  (Molecular  Dynamics  Amersham  Bioscience,  Pis- 
cataway,  NJ). 

Preparation  of  Cellular  Protein  and  Western  Blots 

LNCaP  cells  were  seeded  in  100-mm  dishes  and  treated 
with  ligands.  After  24  h,  cells  were  collected  and  suspended 
in  lysis  buffer,  and  centrifuged.  Aliquots  corresponding  to 
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100  fig  protein  of  each  sample  were  loaded  onto  a  8%  SDS- 
PAGE  for  Western  blotting.  After  blotting,  the  membrane 
was  blocked  with  5%  nonfat  milk  and  probed  with  anti¬ 
body  against  AR  (NH27),  VDR  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA),  and  actin  (Santa  Cruz  Biotechnology) 
at  a  dilution  of  1:2000  in  PBS  containing  0.1%  Tween  20, 
for  1  h.  After  washing,  the  membrane  was  incubated  with 
the  alkaline  phosphatase-conjugated  anti-rabbit  antibody 
(Santa  Cruz  Biotechnology)  for  45  min,  washed  again,  and 
the  immunoreactive  bands  were  visualized  for  alkaline  phos¬ 
phatase  activity  with  the  5-bromo-4-chloro-3-indolylphos- 
phate-nitro  blue  tetrazolium  phosphatase  substrate  (Bio-Rad 
Laboratories,  Hercules,  CA). 
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Inhibition  of  invasion  and  metastasis  has  become  a  new 
approach  for  treatment  of  advanced  prostate  cancer  in 
which  secondary  hormone  therapy  has  failed.  Accumulat¬ 
ing  evidence  indicates  that  la,25-dihydroxyvitamin  I), 
(1,25-VD)  suppresses  prostate  cancer  progression  by  inhibi¬ 
tion  of  tumor  growth  and  metastasis.  However,  the  detailed 
mechanisms  underlying  these  effects  remain  to  be  deter¬ 
mined.  Here,  we  used  the  in  vitro  cell  invasion  assay  to 
demonstrate  that  1,25-VD  inhibits  the  invasive  ability  of 
human  prostate  cancer  cell  lines,  LNCaP,  PC-3  and  DU 
145.  Three  major  groups  of  proteases,  the  matrix  metallo- 
proteinases  (MMPs),  the  plasminogen  activators  (PAs)  and 
the  cathepsins  (CPs),  that  are  involved  in  tumor  invasion 
were  then  examined  for  changes  in  activity  and  expression 
after  1,25-VD  treatment.  We  found  that  1,25-VD  decreased 
MMP-9  and  CPs,  but  not  PAs  activities,  while  it  increased 
the  activity  of  their  counterparts,  tissue  inhibitors  of 
metalloproteinase-1  (TIMP-1)  and  cathepsin  inhibitors. 
Mechanistic  studies  showed  that  1,25-VD  did  not  suppress 
MMP-9  expression  at  the  transcriptional  level,  but  reduced 
its  mRNA  stability.  In  addition,  1,25-VD  increased  AP-1 
complexes  binding  to  TIMP-1  promoter,  which  con¬ 
tributed  to  the  enhancement  of  TIMP-1  activity,  and  thus 
resulted  in  inhibition  of  MMP  activity  and  tumor  invasion. 
These  findings  support  the  idea  that  vitamin 
D-based  therapies  might  be  beneficial  in  the  management 
of  advanced  prostate  cancer,  especially  among  patients 
who  have  higher  MMP-9  and  CPs  activities. 


Introduction 

Prostate  cancer  is  the  second  leading  cause  of  cancer 
deaths  among  North  American  men.  The  initial  treatment  of 
advanced  stage  prostate  cancer  is  suppression  of  testicular 
androgen  production  by  medical  or  surgical  castration,  but 
nearly  all  patients  develop  disease  progression.  Hormone 
refractory  prostate  cancer  (HRPC)  remains  a  challenge  in  the 


Abbreviations:  1,25-VD,  la,25-dihydroxyvitamin  D3;  CP,  cathepsin;  CPI, 
cathepsin  inhibitor;  ECM,  extracellular  matrix;  HRPC,  hormone  refractory 
prostate  cancer;  MMP,  matrix  metalloproteinase;  PA,  plasminogen  activator; 
PAI,  plasminogen  activator  inhibitor;  TIMP,  tissue  inhibitors  of 
metalloproteinase;  tPA,  tissue  PA;  TPA,  12-O-tetradecanoylphorbol- 13- 
acetate;  uPA,  urokinase  PA. 
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management  of  prostate  cancer  patients.  Since  no  therapy  has 
yet  demonstrated  a  definitive  survival  advantage,  the  need  for 
more  options  in  the  treatment  of  HRPC  is  obvious. 

Inhibition  of  invasion  and  metastasis  might  be  a  good 
approach  for  treatment  of  HRPC  in  which  hormone  therapy 
has  failed.  Cancer  cell  metastasis  is  a  step-wise  process  that 
includes  detachment  of  cells  from  the  primary  tumor,  local 
proteolysis  of  the  basement  membrane,  intravasation,  survival 
in  the  circulation,  arrest  in  a  distant  organ,  extravasation  and 
invasion  into  the  surrounding  tissue  and  growth  (1).  Metastasis 
necessarily  involves  penetration  of  the  extracellular  matrix 
(ECM)  and  basement  membrane,  and  is  thought  to  require 
the  action  of  proteases. 

There  are  three  major  groups  of  proteases,  the  matrix  met- 
alloproteinases  (MMPs),  the  plasminogen  activators  (PAs), 
and  the  cathepsins  (CPs),  known  to  be  involved  in  tumor 
invasion.  The  MMPs  are  a  family  of  >20  zinc-dependent 
proteases  that  are  capable  of  degrading  the  components  of 
the  ECM  (2,3).  Among  the  MMPs,  gelatinase-A  (MMP-2) 
and  gelatinase-B  (MMP-9)  are  key  enzymes  for  degrading 
type  IV  collagen,  a  major  component  of  the  basement  mem¬ 
brane  (4,5).  Most  MMPs  are  secreted  as  inactive  pro-enzymes 
and  their  proteolytic  activities  are  regulated  by  other  proteases 
or  inhibited  by  specific  inhibitors,  tissue  inhibitors  of  metallo¬ 
proteinase  (TIMPs).  This  implies  that  the  balance  between 
MMP  and  TIMP  levels  is  a  critical  determinant  of  the  net 
proteolytic  activity.  The  increased  activities  of  MMP-2  and 
MMP-9  have  been  associated  with  increasing  tumor  meta- 
stases  in  various  human  cancers,  suggesting  an  important 
functional  role  for  these  proteases  in  the  metastatic  process  (6). 

The  serine  proteases  urokinase  PA  (uPA)  and  tissue  PA 
(tPA)  can  convert  plasminogen  to  plasmin,  which  is  capable 
of  promoting  tumor  growth  and  angiogenesis,  degrading  the 
ECM  and  basement  membrane,  and  activating  pro-MMPs  (7). 
PA  activity  is  negatively  regulated  by  plasminogen  activator 
inhibitors  (PAIs),  PAI-1  and  PAI-2.  PAIs  function  by  direct 
binding  to  uPA  and  tPA,  and  subsequently  form  inactive  com¬ 
plexes  (8).  Over-expression  of  uPA  and  its  cell  surface  recep¬ 
tor  (uPAR),  along  with  high  PA  activity  are  correlated 
positively  with  both  the  invasive  activity  of  cancer  cell  lines 
as  well  as  poor  patient  prognosis  (9,10). 

Increased  CPs  activity  and  expression,  and  changes  in 
localization  have  been  observed  in  many  different  cancers 
(11-15).  CPs  can  also  degrade  components  of  the  ECM,  sug¬ 
gesting  that  these  proteases  are  involved  in  cancer  cell  inva¬ 
sion  and  metastasis  (16-18).  CPs  activities  are  down-regulated 
by  endogenous  inhibitors,  such  as  cystatins.  Loss  of  expression 
and  activity  of  certain  members  of  the  cystatin  superfamily 
have  been  shown  to  correlate  with  the  metastatic  ability  of 
some  cancer  cells  (19-21). 

Epidemiological  evidence  suggests  that  low  exposure  to 
sunlight  and  vitamin  D  deficiency  might  be  risk  factors  for 
prostate  cancer  mortality  (22,23).  Much  research  has  focused 
on  1,25-VD,  the  active  metabolite  of  vitamin  D,  and  its  ability 
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to  induce  either  apoptosis  or  differentiation  in  many  cancer 
cells.  However,  little  is  known  about  how  1,25-VD  regulates 
cancer  cell  invasion  and  metastasis.  In  vitro,  1,25-VD  has 
been  demonstrated  to  inhibit  the  invasion  of  a  number  of 
cultured  cancer  cells  through  Matrigel  or  Amgel,  including 
breast,  prostate  and  lung  cancer  cells  (24-26).  In  vivo,  intra¬ 
vesical  instillation  of  1,25-VD  inhibited  the  invasion  in 
V-methylnitro  soure  a-  induced  bladder  cancer  in  rats  (27).  In 
a  Phase  II  study,  weekly  high-dose  vitamin  D  and  docetaxel 
resulted  in  significant  reduction  of  prostate-specific  antigen, 
increased  patients’  quality  of  life,  and  delayed  the  time  of 
disease  progression  in  men  with  metastatic  androgen- 
independent  prostate  carcinoma  (28,29).  Regarding  mecha¬ 
nisms,  1,25-VD  has  been  shown  to  inhibit  certain  proteases, 
such  as  some  components  of  the  PA  and  MMP  systems,  which 
are  important  determinants  of  tumor  invasion.  Decreased 
activity  of  uPA  and  tPA  and  increased  activity  of  PAI  in 
response  to  1,25-VD  have  been  described  in  MDA-MB-231 
human  breast  cancer  cells  (30).  In  addition,  a  1,25-VD- 
responsive  region  was  identified  between  nucleotides  —2350 
and  —  1 870  of  the  uPA  promoter.  Decreased  activity  of  MMP-2 
and  MMP-9  in  breast  and  prostate  cancer  cells  after  1,25-VD 
treatment  have  also  been  demonstrated  (25,30). 

In  this  study,  we  focus  on  how  1,25-VD  modulates  the 
activities  of  proteases  and  their  inhibitors  to  inhibit  prostate 
cancer  invasion.  We  systematically  examined  the  activity  and 
gene  expression  levels  of  three  major  groups  of  proteases,  the 
MMPs,  the  PAs  and  the  CPs,  after  1,25-VD  treatment.  We 
found  that  the  activity  of  MMP-9  and  CPs,  but  not  PAs, 
decreased  and  that  the  activities  of  their  counterparts, 
TIMP-1  and  cathepsin  inhibitors  (CPIs),  increased  after  1,25- 
VD  treatment.  In  addition,  we  have  provided  a  mechanism 
of  how  1,25-VD  up-regulates  TIMP-1  and  down-regulates 
MMP-9  activity  to  influence  cancer  cell  invasion.  Our  results 
support  the  idea  that  vitamin  D-based  therapeutics  are  benefi¬ 
cial  and  may  lead  to  the  design  of  better  combination  therapies 
in  the  management  of  advanced  prostate  cancer. 

Materials  and  methods 

Cells,  plasmids  and  materials 

1,25-VD  was  the  gift  from  Dr  Lise  Binderup  of  Leo  Pharmaceutical  Products, 
12-O-tetradecanoylphorbol- 13-acetate  (TPA)  was  purchased  from  Sigma  and 
MMP-9  promoter  construct  was  kindly  provided  by  Dr  Yasuyuki  Sasaguri 
from  University  of  Occupational  and  Environmental  Health,  Japan.  AP- 1  and 
NF-kB  reporter  constructs  were  kindly  provided  by  Dr  Andrew  M.-L.Chan 
from  Mount  Sinai  School  of  Medicine,  NY.  TIMP-1  promoter  constructs  were 
kindly  provided  by  Dr  Ian  M. Clark  from  University  of  East  Anglia,  UK.  The 
LNCaP,  PC-3  and  DU  145  cells  were  obtained  from  the  American  Type 
Culture  Collection.  Cell  culture  media  (RPMI-1640)  was  obtained  from 
Gibco  BRL. 

Cell  culture,  transfection  and  luciferase  assays 

LNCaP,  PC-3  and  DU  145  cells  were  maintained  in  RPMI-1640  containing 
penicillin  (100  IU/ml),  streptomycin  (100  mg/ml)  and  10%  fetal  bovine  serum 
(FBS)  at  5%  C02  and  37°C.  Transfections  were  performed  by  using  SuperFect 
according  to  the  manufacturer’s  suggested  procedures  (Qiagen).  After  trans¬ 
fection,  cells  were  treated  for  24  h  with  charcoal-stripped  FBS  medium  con¬ 
taining  either  ethanol  vehicle  or  ligands.  Cell  lysates  were  prepared,  and  the 
luciferase  activity  was  normalized  for  transfection  efficiency  using  pRL-CMV 
as  an  internal  control.  Luciferase  assays  were  performed  using  the  dual- 
luciferase  reporter  system  (Promega,  Madison,  WI). 

Invasion  assay 

LNCaP,  PC-3  and  DU  145  cells  were  incubated  with  ethanol  vehicle  or  100  nM 

1,25-VD  for  72  h  in  regular  medium.  Cells  were  harvested  and  counted,  and 
5  x  104  cells/chamber  were  used  for  each  invasion  assay.  Cells  were  added 
to  Matrigel  coated  inserts  (Becton  Dickinson  Labware,  Bedford,  MA)  in 


serum-free  media  containing  ethanol  vehicle  or  100  nM  1,25-VD.  The  lower 
chambers  contained  medium  with  10%  FBS  and  ethanol  vehicle  or  100  nM 

1.25- VD.  The  chambers  were  incubated  for  22  h  at  37°C.  The  cells  that  had 
invaded  to  the  lower  surface  of  the  membranes  were  fixed  and  stained  with  1  % 
Toluidine  blue,  and  total  invading  cell  number  in  five  random  fields  was 
counted  under  a  light  microscope. 

Cell  attachment  assay 

LNCaP,  PC-3  and  DU  145  cells  were  incubated  with  ethanol  vehicle  or  100  nM 

1.25- VD  for  72  h  in  regular  medium.  Cells  were  harvested  and  seeded  in 
24- well  tissue  culture  plates  at  a  density  of  5  x  104  cells/well  in  RPMI-1640 
containing  10%  FBS.  After  incubation  for  1  h  at  37° C,  the  cells  were  rinsed 
gently  with  phosphate-buffered  saline  (PBS)  and  incubated  with  serum-free 
medium  containing  MTT  (0.5  mg/ml)  for  another  1  h.  The  absorbance  was 
recorded. 

MMP-9  activity  assay 

LNCaP,  PC-3  and  DU  145  cells  were  incubated  with  ethanol  vehicle  or  1,25- 
VD  under  serum-free  conditions  for  48  h,  and  then  conditioned  media  was 
collected  and  normalized  with  cell  number.  For  measuring  MMP-9  activity  in 
cell-conditioned  medium,  we  used  the  ‘MMP-9  biotrak  activity  assay  system’ 
by  Amersham  Pharmacia  (RPN  2634)  according  to  the  manufacturer’s 
instructions. 

Gelatin  substrate  gel  zymography 

LNCaP,  PC-3  and  DU  145  cells  were  incubated  with  ethanol  vehicle  or  1,25- 
VD  under  serum-free  conditions  for  48  h,  and  then  conditioned  media  was 
collected  and  normalized  with  cell  number.  To  analyze  the  MMP-2,  MMP-9 
and  TIMPs  activities  in  cell-conditioned  medium,  regular  gelatin  zymography 
and  reverse  gelatin  zymography  were  used.  Briefly,  samples  were  subjected  to 
12%  SDS-PAGE,  under  non-reducing  conditions,  in  gels  co-polymerized  with 
0.1%  gelatin  for  gelatin  zymography  or  0.1%  gelatin  plus  40  ng/ml  MMP-2 
and  MMP-9  (Chemicon  International)  for  reverse  gelatin  zymography.  Fol¬ 
lowing  electrophoresis,  gels  were  washed  twice  for  30  min  in  wash  buffer 
(50  M  Tris/pH  7.4  and  2.5%  Triton  X-100),  then  rinsed  in  incubation 
buffer  [50  mM  Tris/pH  7.4,  150  mM  NaCl,  10  mM  CaCl2  and  0.02%  NaN3] 
and  incubated  at  37°C  for  24  h.  Enzyme  activities  were  visualized  by  staining 
with  Coomassie  blue. 

Plasminogen  activator  activity  assay 

LNCaP,  PC-3  and  DU  145  cells  were  incubated  with  ethanol  vehicle  or  1,25- 
VD  under  serum-free  conditions  for  48  h,  and  then  conditioned  media  was 
collected  and  analyzed  by  the  PA  activity  assay.  PA  activity  was  measured 
using  the  chromogenic  substrate  S-2251  (H-D-Val-Leu-Lys-/?-nitroanilide) 
(31).  In  brief,  plasminogen  is  converted  into  plasmin  by  plasminogen  activator, 
and  the  generated  plasmin  hydrolyzes  S-2251  to  release  p-nitroaniline.  The 
released  p-nitroaniline  is  measured  by  absorbance  at  405  nm.  The  assay 
solution  was  prepared  by  mixing  20  pJ  of  1  mg/ml  purified  bovine  plasmino¬ 
gen  and  80  pi  of  1  mM  S-2251  in  dilution  buffer  [0.05  M  Tris-HCl  (pH  7.4) 
and  0.1  M  NaCl].  To  determine  the  total  PA  activity  in  each  sample,  an  equal 
volume  of  the  assay  solution  was  added  to  100  pJ  of  the  sample.  Following 
incubation  at  37°  C  for  1  h,  the  absorbance  at  405  nm  was  measured  with 
a  microplate  photometer,  and  normalized  to  the  protein  concentration. 

CP  and  CPI  activity  assays 

LNCaP,  PC-3  and  DU  145  cells  were  incubated  with  ethanol  vehicle  or  1,25- 
VD  under  serum-free  conditions  for  48  h,  and  then  cell  lysates  were  collected 
and  analyzed  by  the  CP  and  CPI  activity  assay.  Specific  catalytic  activity  of 
total  proteases  was  determined  fluorometrically  by  hydrolysis  of  500  |xM 
synthetic  substrate  Z-phe-arg-NMec  (32).  Proteases  activity  in  cell  lysates 
was  measured  using  Z-phe-arg-NMec  as  substrate  in  buffer  consisting 
of  250  mM  sodium  acetate/pH  5.4,  40  mM  acetic  acid,  2.5  mM  EDTA  and 
1  |xM  DTT.  Total  CP  activity  was  abolished  with  1.53  mM  cysteine  proteinase 
inhibitor  E-64,  therefore  activities  of  CPs  were  differentiated  by  inactivation 
with  E-64.  Fluorescence  was  measured  in  a  SPECTRAmax  GEMINI  spec- 
trofluorometer  at  an  excitation  wavelength  of  370  nm  and  an  emission  wave¬ 
length  of  460  nm. 

Total  CPI  activity  was  measured  by  incubating  cell  lysates  with  the  cysteine 
proteinase  papain  as  follows.  Samples  were  boiled  for  5  min  to  denature  heat- 
sensitive  proteins  such  as  the  CPs;  CPIs  are  heat  stable  (33).  The  denatured 
proteins  were  removed  by  centrifugation  at  14000x  r.p.m.  for  10  min  at  4°C. 
Aliquots  of  the  sample  were  incubated  with  10  pJ  of  10  mM  papain  and 
remaining  papain  activity  was  measured  essentially  as  described  for  CP  activ¬ 
ity  assay  using  Z-phe-arg-NMec  as  substrate.  Total  papain  activity  was  deter¬ 
mined  in  assays  containing  aliquots  of  PBS. 
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Real-time  PCR  analysis 

LNCaP,  PC-3  and  DU  145  cells  were  cultured  and  treated  with  either  ethanol 
vehicle  or  100  nM  1,25-VD  for  12,  24  and  48  h,  then  total  RNA  was  extracted 
using  Trizol  (Invitrogen).  We  carried  out  reverse  transcription  with  the  Super 
Script  II  kit  (Invitrogen)  and  PCR  amplifications  with  SYBR  Green  PCR 
Master  Mix  on  an  iCycler  IQ  multi-color  real-time  PCR  detection  system 
(Bio-Rad).  The  PCR  was  performed  as  follows:  initial  denaturation  at  95°C 
for  10  min,  and  45  cycles  of  denaturation  at  95° C  for  30  s,  annealing  at  61°C 
for  30  s  and  extension  at  72°  C  for  30  s.  Primer  sequences  were  MMP-2,  sense 
5'-CAAGGAGTACAACAGCTGCACTGATA-3'  and  anti-sense  5'-GGTG- 
CAGCTCTCATATTTGTTGC-3'  (34);  MMP-9,  sense  5'-TGGGCAAGG- 
GCGTCGTGGTTC-3'  and  anti-sense  5'-TGGTGCAGGCGGAGTAGGATT- 
3'  (34);  TIMP-1,  sense  5'-TCAACCAGACCACCTTATAC-3'  and  anti-sense 
5,-ATTCCTCACAGCCAACAG-3/;  TIMP-2,  sense  5'-GTAGTGATCAGG- 
GCCAAAG-3'  and  anti-sense  5'-TTCTCTGTGACCCAGTCCAT-3'  (35); 
tPA,  sense  5/-ATGACACTTACGACAATG-3'  and  anti-sense  5'-GGTGAC- 
TGTTCTGTTAAG-3';  uPA,  sense  5/-CACGCAAGGGGAGATGAA-3/  and 
anti-sense  5'-ACAGCATTTTGGTGGTGACTT-3'  (36);  uPAR,  sense  5'- 
CAACGACACCTTCCACTTC-3'  and  anti-sense  5'-GCACAGCCTCTTAC- 
CATATAG-3';  PAI-1,  sense  5'-GCTGGTGCTGGTGAATGC-3'  and  anti- 
sense  5'-GGCGTGGTGAACTCAGTATAG-3';  PAI-2,  sense  5'-CCAGA- 
GAACAACCAGATTG-3'  and  anti-sense  5'-AGAGCGGAAGGATGAATG- 
3';  CP  B,  sense  5'-TGTGTATTCGGACTTCCTGCT-3'  and  anti-sense  5'- 
GTGTGCCATTCTCCACTCC-3'  (37);  CP  H,  sense  5'-CAACAATGG- 
GAACCACACAT-3'  and  anti-sense  5'-GCAAAGCTCACAGGGTTGTA-3' 
(38);  CP  L,  sense  5/-CAGTGTGGTTCTTGTTGGGCT-3/  and  anti-sense  5'- 
CTTGAGGCCCAGAGCAGTCTA-3/  (39);  Cystatin  A,  sense  5'-CCAAA- 
CCCGCCACTCCAGAAATC-3'  and  anti-sense  5'-CAGTAGCCAGTT- 
GAAGGAATCAGAACAC-3';  Cystatin  M,  sense  5'-CAGCAACAGCATC- 
TACTAC-3'  and  anti-sense  5'  -  ACC  AC  A  AGG  ACCTC  A  AAG-3' ;  (3-actin, 
sense  5/-TGTGCCCATCTACGAGGGGTATGC-3/  and  anti-sense  5'-GGTA- 
CATGGTGGTGCCGCCAGACA-3'.  The  quantification  of  each  sample  rel¬ 
ative  to  control  sample  was  calculated  using  2_AACT  method  (40).  The 
expected  sizes  and  the  absence  of  non-specific  amplification  products  were 
confirmed  by  agarose  gel  electrophoresis  and  melting  curve  analysis. 

MMP-9  mRNA  stability  assay 

PC-3  cells  were  pre-treated  with  ethanol  vehicle  or  100  nM  1,25-VD  for  48  h 
and  then  incubated  with  actinomycin  D  (5  |xg/ml)  for  2,  4,  8  and  16  h.  Total 
mRNA  was  prepared  and  analyzed  by  real-time  PCR  described  above. 

DNA  pull-down  assay 

Oligonucleotides  corresponding  to  the  AP-1  site  were  synthesized  according  to 
published  sequences  (41).  Sequences  of  the  oligonucleotides  were  as  follows: 
wild-type-AP- 1  (- 105),  sense  5/-biotin-GATGGTGGGTGGATGAG- 
TAATGCATCCAG-3'  and  anti-sense  5'-CTTCCTGGATGCATTACTCATC- 
CACCCAC-3'  (AP-1  site  is  underlined).  For  mutant-AP-1  (—105),  in  which 
the  AP-1  binding  site  of  wild-type-AP- 1  (—105)  was  destroyed,  5CTGAG- 
TAA-3'  was  mutated  into  5'-GGACTAA-3'  (41).  Double-stranded  probes  were 
made  by  annealing  a  50  fxM  mixture  of  complementary  oligonucleotides 
in  TNE  (10  mM  Tris-HCl,  50  mM  NaCl  and  1  mM  EDTA),  heating  to  95°C 
for  5  min,  and  then  slowly  cooling  to  room  temperature.  Nuclear  extracts  were 
prepared  from  PC-3  cells  that  were  serum-starved  for  24  h  and  stimulated  with 
ethanol  vehicle,  100  nM  TPA  or  1,25-VD  for  3  h  (42).  For  pull-down  assays, 
30  |jig  of  nuclear  extracts  were  incubated  in  a  25  pd  reaction  mixture  consisting 
of  10  pM  probe  and  lx  binding  buffer  (4%  glycerol,  1  mM  MgCl2,  0.5  mM 
EDTA,  0.5  mM  DTT,  50  mM  NaCl,  10  mM  Tris-HCl/pH  7.5,  and  0.05  mg/ml 
polydl-dC).  After  incubation  for  30  min  at  room  temperature,  the  reaction 
volume  was  increased  to  0.5  ml  with  modified  binding  buffer,  which  does  not 
contain  poly(dl-dC).  To  capture  the  complexes,  streptavidin-agarose  was 
added,  and  incubated  for  1  h  at  4°C.  The  complexes  were  washed  three  times 
with  modified  binding  buffer,  and  eluted  from  the  beads  by  the  addition  of  2  x 
Laemmli  buffer  and  heating  to  95°C  for  5  min.  Proteins  were  then  separated  by 
10%  SDS-PAGE  and  analyzed  for  the  c-Jun  (SC-44,  Santa  Cruz)  by 
immunoblot  analysis. 

Statistical  and  densitometric  analysis 

The  results  are  the  mean  ±  SD  of  values  obtained  from  two  or  three  separate 
experiments.  ANOVA  was  used  to  analyze  protease  activity,  real-time  PCR 
and  luciferase  assay  data.  Data  on  invasion  assay  were  analyzed  by  Student’s 
t- test  to  assess  the  statistical  significance  of  the  difference  between  control  and 
1,25-VD-treated  groups.  A  statistically  significant  difference  was  considered 
to  be  present  at  P  <  0.05.  Autoradiograms/bands  were  scanned  and  the  mean 
density  of  each  band  was  analyzed  by  the  Quantity  one  program  (Bio-Rad). 
Densitometric  data  presented  below  bands  are  the  fold  changes  compared  with 
control  sample  band  densities  for  each  treatment  time. 
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Fig.  1.  The  anti-invasive  effects  of  1,25-VD  in  human  prostate  cancer 
cell  lines.  LNCaP,  PC-3  and  DU  145  cells  were  pre-treated  with  ethanol 
vehicle  or  100  nM  1,25-VD  for  3  days  before  a  22  h  invasion  assay.  Cells 
invading  through  Matrigel-coated  membrane  were  stained  and  counted 
under  a  microscope.  *  Indicates  significant  ( P  <  0.05)  differences  between 
control  and  1,25-VD-treated  groups. 


Results 

1,25-VD  inhibits  human  prostate  cancer  cell  invasion  in  vitro 
We  first  explored  the  vitamin  D  effect  on  the  prostate  cancer 
cell  invasion  ability  by  in  vitro  matrigel  invasion  assay  as 
described  previously  (25,30).  We  treated  cells  with  1,25-VD 
for  3  days  and  followed  with  a  22  h  invasion  period.  The 
invasion  potentials  of  three  prostate  cancer  cell  lines  were 
determined  by  counting  the  invading  cells  in  the  lower  mem¬ 
brane.  As  shown  in  Figure  1,  1,25-VD  inhibited  LNCaP,  PC-3 
and  DU  145  cells  invasion  by  43,  47  and  38%,  respectively. 
According  to  others’  and  our  previous  study,  3  days  of 

1,25-VD  treatment  can  inhibit  LNCaP,  but  not  PC-3  and  DU 
145  cell  proliferation  (43 — 45).  In  addition  to  cell  proliferation, 
we  also  examined  1,25-VD  effects  on  cell  attachment,  and  we 
found  that  1,25-VD  can  decrease  PC-3  attachment  by  5%,  but 
there  was  no  effect  on  LNCaP  or  DU  145  cell  attachment  (data 
not  shown).  Therefore,  these  data  suggest  that  neither 
decreased  cell  proliferation  nor  cell  attachment  contributes  to 

1,25-VD  anti-invasive  effects  in  prostate  cancer  cells. 

1,25-VD  regulates  matrix  metalloproteinase  activities 
The  mechanisms  underlying  the  anti-invasive  effects  of  1,25- 
VD  on  prostate  cancer  cells  were  then  examined.  We  first 
tested  whether  1,25-VD  inhibits  cell  invasion  via  modulation 
of  MMP  activities.  MMP-9  activity  assay  for  determining 
active-MMP-9  activity,  gelatin  zymography  for  determining 
pro-MMP-2  and  pro-MMP-9  activities,  and  reverse  gelatin 
zymography  for  determining  TIMP- 1  activities  were  applied. 
As  shown  in  Figure  2,  treatment  of  PC-3  and  DU  145  cells,  but 
not  LNCaP  cells,  with  1,25-VD  decreased  active-  and  pro- 
MMP-9  activity  (Figure  2A  and  B),  associated  with  a  concomi¬ 
tant  increase  in  secreted  TIMP-1  activity  (Figure  2C).  We  then 
tested  whether  the  regulation  of  MMP-9  and  TIMP- 1  activities 
by  1,25-VD  occurred  directly  at  the  transcriptional  level.  The 
mRNA  levels  of  MMP-9  and  TIMP-1  were  measured  by  quan¬ 
titative  real-time  PCR.  As  shown  in  Figure  2D,  the  endogenous 
MMP-9  transcripts  expressed  highest  in  PC-3,  then  DU  145, 
least  in  LNCaP,  which  corresponds  to  the  enzyme  activity  we 
observed  in  Figure  2 A  and  B.  The  MMP-9  transcripts  were 
suppressed  by  1,25-VD  in  all  three  prostate  cancer  cell 
lines  we  tested  in  a  1,25-VD  treated  time-dependent  manner. 
Similar  to  MMP-9,  its  counterpart  TIMP-1  has  a  similar 


□  EtOH 
■  1,25-VD 


0L 


LNCaP 


PC-3 


DU  145 


34 


Vitamin  D-mediated  anti-invasive  effects  on  human  prostate  cancer  cells 


A  §  250 


e* 


200 


& 

■3  150 


|  100 


50 


m 


LNCaP 


PC-3 


B 


LNCaP 


□  EtOH 

0  I  nM  1.25- VD 
■  100  nM  1.25- VD 


DU  145 


PC-3 


MMP-9 
Relative  density 


DU  145 


100  nM 


MMP-9 
MM  P-2 


c 


LNCaP  PC-3  DU  145 


1,25-VD  0  1  100  0  1  100  0  1  100  nM 


26  kDa  - 


Relative  density 

1.8 

2.8 

3.1 

1 

1 

1.8 

TIMP-1 


D 

500 

1  400 

g  300 

|  200 
> 

1  100 

0 

LNCaP  PC-3  DU  145 


Fig.  2.  The  effect  of  1,25-VD  on  gelatinolytic  matrix  metalloproteinase  system.  Down-regulation  of  MMP-9  activity  (A  and  B),  and  up-regulation  of  TIMP-1 
activity  (C),  by  1,25-VD.  LNCaP,  PC-3  and  DU  145  cells  were  treated  with  ethanol  vehicle  or  the  indicated  concentrations  of  1,25-VD  for  48  h,  and 
then  the  secreted  MMPs  and  TIMPs  were  analyzed  separately  by  MMP-9  activity  (A),  gelatin  zymographic  (B),  and  reverse  zymographic  (C)  assays. 

The  MMP-9  activity  from  untreated  control  LNCaP  cells  were  set  as  100%  (A).  The  activity  was  extrapolated  by  densitometric  analysis  and  values  represent 
the  fold  changes  relative  to  untreated  control  LNCaP  for  MMP-9  (B),  and  to  DU  145  cells  for  TIMP-1  (C).  (D)  The  mRNA  expression  of  endogenous 
MMP-9  (left  panel)  and  1,25-VD  effects  on  its  expression  (right  panel)  in  prostate  cancer  cell  lines.  (E)  The  mRNA  expression  of  endogenous  TIMP-1  (left  panel) 
and  1,25-VD  effects  on  its  expression  (right  panel)  in  prostate  cancer  cell  lines.  LNCaP,  PC-3  and  DU  145  cells  were  cultured  and  treated  with  either 
ethanol  vehicle  or  100  nM  1,25-VD  for  12,  24  and  48  h.  Total  mRNA  was  prepared  and  analyzed  by  real-time  PCR.  Data  are  expressed  as  the  mean  ±  SD  of 
triplicate  samples.  Values  represent  the  fold  changes  in  gene  expression  relative  to  LNCaP  cells  or  untreated  control,  indicates  significance  (P  <  0.05). 


endogenous  expression  level  among  three  prostate  cancer  cell 
lines.  In  contrast,  when  treated  with  1,25-VD,  TIMP-1  tran¬ 
scripts  were  induced  in  a  time-dependent  manner  (Figure  2E), 
which  correlates  with  the  enzyme  activities.  However,  the 


mRNA  level  of  MMP-2  was  slightly  increased  and  there  was 
no  consistent  change  on  TIMP-2  after  1,25-VD  treatment 
(Supplementary  Figure  1).  In  summary,  we  concluded  that 
1,25-VD  may  inhibit  human  prostate  cancer  cell  invasion 
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Fig.  3.  The  effect  of  1,25-VD  on  plasminogen  activator  system.  (A)  The  effect  of  1,25-VD  on  PA  activity.  LNCaP,  PC-3  and  DU  145  cells  were  treated  with 
ethanol  vehicle  or  the  indicated  concentrations  of  1,25-VD  for  48  h,  and  then  conditioned  media  and  cell  lysates  were  analyzed  by  PA  activity  assay. 

(B)  The  mRNA  expression  of  endogenous  tPA  (left  panel)  and  1,25-VD  effects  on  its  expression  (right  panel)  in  prostate  cancer  cell  lines.  (C)  The  mRNAs 
expression  of  endogenous  uPA  (left  panel)  and  1,25-VD  effects  on  its  expression  (right  panel)  in  prostate  cancer  cell  lines.  LNCaP,  PC-3  and  DU  145  cells  were 
cultured  and  treated  with  either  ethanol  vehicle  or  100  nM  1,25-VD  for  12,  24  and  48  h.  Total  mRNA  was  prepared  and  analyzed  by  real-time  PCR.  Data  are 
expressed  as  the  mean  ±  SD  of  triplicate  samples.  Values  represent  the  fold  changes  in  gene  expression  relative  to  LNCaP  cells  or  untreated  control. 


through  modulation  of  selective  MMP  activities,  including 
those  of  MMP- 9  and  TIMP-1. 

1,25-VD  has  selective  effects  on  PA  and  CP  systems 
Serine  and  lysosomal  cysteine  proteases  have  been  implicated 
in  cancer  cell  invasion  and  metastasis,  not  only  in  degradation 
of  ECM,  but  also  through  activation  of  many  other  protease 


zymogens,  including  pro-MMP-9.  We  have  shown  that  1,25- 
VD  inhibits  prostate  cancer  cell  invasion  by  modulating  MMP- 
9  and  TIMP-1  activities.  Therefore,  we  examined  the  ability  of 
1,25-VD  to  regulate  PA  and  CP  activities.  As  shown  in 
Figure  3A,  PA  activities  have  no  significant  change  in  prostate 
cancer  cell  conditioned  medium  or  cell  lysates  after  1,25-VD 
treatment.  The  mRNA  expression  of  molecules  involved  in  the 
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PA  system,  including  tPA,  uPA,  uPAR,  PAI-1  and  PAI-2  were 
measured  by  quantitative  real-time  PCR.  Similar  to  MMP-9, 
PC-3  cells  express  the  highest  tPA  and  uPA  mRNA;  however, 
1,25-VD  had  little  or  no  consistent  effect  on  the  expression  of 
PA-related  genes  among  the  cell  lines  tested  (Figure  3B  and  C, 
and  Supplementary  Figure  2). 

Next,  we  examined  1,25-VD  effects  on  CP  activities. 
LNCaP,  PC-3  and  DU  145  cells  were  treated  with  increasing 
concentrations  of  1,25-VD  for  48  h,  and  then  cell  lysates  were 
collected  for  determination  of  CP  and  CPI  activities.  CP  L  +  B 
activities  were  measured  using  Z-phe-arg-NMec  as  substrate, 
which  is  mainly  hydrolyzed  by  CP  L  and  to  a  small  extent  by 
CP  B  (46).  As  shown  in  Figure  4A,  1,25-VD  inhibited  CP 
activity  in  DU  145  cells,  but  had  less  effect  on  LNCaP  and 
PC-3  cells.  Total  heat-stable  CPI  was  measured,  as  shown  in 
Figure  4B,  1,25-VD  significantly  induced  CPI  activity  in  all 
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Fig.  4.  The  effect  of  1,25-VD  on  cathepsin  activity.  (A)  Regulation  of  CP 
activity  by  1,25-VD  in  prostate  cancer  cells.  (B)  Up-regulation  of  CPI 
activity  by  1,25-VD  in  prostate  cancer  cells.  LNCaP,  PC-3  and  DU  145  cells 
were  treated  with  the  indicated  concentrations  of  1,25-VD  for  48  h,  and  then 
cell  lysates  were  analyzed  for  CP  and  CPI  enzyme  activity.  (C)  Ratio  of  CP 
to  CPI  activity  (C:I)  in  prostate  cancer  cell  lines  in  response  to  1,25-VD. 
indicates  significance  ( P  <  0.05). 


three  cell  lines  we  tested.  The  ratio  of  CP  to  CPI  activity  (C:I 
ratio),  which  represents  invasion  potential,  was  calculated  and 
shown  to  decrease  in  all  cell  lines  (Figure  4C).  The  mRNA 
expression  level  of  potential  genes  involved  in  regulation  of 
CP  activities,  such  as  CP  B,  CP  H,  CP  L,  cystatin  A  and 
cystatin  M  were  measured.  However,  there  was  no  significant 
or  consistent  change  of  all  those  CP-related  genes  we  tested 
upon  1,25-VD  treatment  among  the  cell  lines  (Supplementary 
Figure  3).  Taken  together,  we  concluded  that  1,25-VD  might 
decrease  C:I  ratio  and  then  consequently  inhibit  prostate 
cancer  cell  invasion,  yet  the  1,25-VD  targets  and  detailed 
mechanisms  need  to  be  further  examined. 

The  suppression  of  MMP-9  activity  by  1,25-VD  was  not 
regulated  at  the  transcriptional  level 

We  have  shown  in  Figure  2  that  1,25-VD  inhibited  both 
secreted  MMP-9  activity  and  MMP-9  transcripts  in  PC-3  and 
DU  145  cells,  so  the  regulation  of  MMP-9  by  1,25-VD  was 
then  examined  using  a  1.9  kb  MMP-9  promoter  luciferase 
reporter  gene  assay  in  PC-3  cells.  As  shown  in  Figure  5A, 
luciferase  activity  was  induced  ~2. 7-fold  when  cells  were 
treated  with  ethanol  vehicle  or  100  nM  TPA,  however,  there 
was  no  change  when  cells  were  treated  with  1,25-VD.  AP-1 
and  NF-kB  have  been  shown  to  activate  the  MMP-9  promoter, 
therefore  we  tested  whether  1,25-VD  modulated  MMP-9  activ¬ 
ity  indirectly  through  down-regulation  of  AP-1  or  NF-kB  by 
testing  with  AP-1  and  NF-kB  responsive  DNA  element  con¬ 
taining  luciferase  constructs.  As  shown  in  Figure  5B  and  C, 
1,25-VD  had  no  effect  on  NF-KB-response  element  driven 
luciferase  activity,  and  slightly  enhanced  AP-1 -response  ele¬ 
ment  driven  luciferase  activity,  suggesting  that  the  suppression 
of  MMP-9  mRNA  expression  might  not  be  regulated  at  the 
transcriptional  level. 

To  test  whether  1,25-VD  could  affect  the  post- 
transcriptional  events  of  MMP-9  mRNA,  we  performed  acti- 
nomycin  D  experiments.  PC-3  cells  were  treated  with  ethanol 
or  100  nM  1,25-VD  for  48  h  before  transcription  was  blocked 
by  actinomycin  D.  We  found  that  1,25-VD  increased  the  decay 
of  MMP-9  mRNA  (Figure  5D).  In  conclusion,  these  data  sug¬ 
gested  that  1,25-VD  inhibited  MMP-9  activity  and  mRNA 
expression  might  result  from  the  decrease  of  MMP-9  mRNA 
stability. 

Transcriptional  up-regulation  ofTIMP-1  by  1,25-VD 
We  have  shown  in  Figure  2  that  1,25-VD  induced  TIMP-1 
mRNA  expression  and  activity,  thus  the  regulation  was  exam¬ 
ined  further.  As  illustrated  in  Figure  6A,  four  TIMP-1  pro¬ 
moter  constructs  that  contain  three  different  lengths  of 
promoter,  —1718,  —738,  —102  and  one  AP-1  mutated  (mt 
—  102)  luciferase  reporter  were  tested  in  PC-3  cells.  As 
shown  in  Figure  6B,  TPA,  serving  as  a  positive  control, 
induced  luciferase  activity  to  ^3-fold,  and  1,25-VD  activated 
the  TIMP- 1  promoter  activity  in  a  dose-dependent  manner  in 
all  lengths  of  TIMP- 1  promoter  constructs  we  tested.  Similar 
results  were  observed  in  DU  145  cells  (data  not  shown).  How¬ 
ever,  mutation  of  AP-1  (mt  —102)  results  in  a  diminished 
response  to  both  TPA  and  1,25-VD.  Therefore,  AP-1  might 
be  involved  in  1,25-VD-mediated  TIMP-1  activation.  To  fur¬ 
ther  test  our  hypothesis,  AP-1  responsive  DNA  binding  capac¬ 
ity  in  PC-3  cells  was  examined,  after  1,25-VD  treatment,  by 
DNA  pull-down  assay.  Biotin-labeled  oligonucleotides  corre¬ 
sponding  to  the  AP-1  site  in  the  TIMP-1  promoter  were  used  to 
pull  down  the  AP-1  complex  from  TPA  or  1,25-VD  treated 
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Fig.  5.  1  ,25 -VD  has  no  direct  effect  on  matrix  metalloproteinase-9  promoter. 
Effects  of  1,25-VD  on  the  MMP-9  promoter  containing  luciferase  reporter 
gene  activity  (A)  on  NF-kB  response  element  containing  luciferase  reporter 
gene  activities  (B),  and  on  AP-1  site  containing  luciferase  reporter  gene 
activity  (C).  PC-3  cells  were  transiently  transfected  with  0.8  p-g/well  of 
MMP-9,  NF-kB  or  AP-1  reporter  constructs,  and  treated  with  ethanol 
vehicle,  100  nM  TPA,  1  nM  or  100  nM  1,25-VD,  as  indicated,  for  24  h. 
Reporter  gene  expression  was  measured  via  the  luciferase  assay.  The  fold 
induction  of  luciferase  activity  is  presented  relative  to  the  transactivation 
observed  upon  vehicle  treatment.  *  Indicates  significant  ( P  <  0.05) 
difference  between  control  and  TPA-  or  1,25-VD-treated  groups.  (D)  Effects 
of  1,25-VD  on  MMP-9  mRNA  stability  in  PC-3  cells.  PC-3  cells  were  pre¬ 
treated  with  ethanol  vehical  or  100  nM  1,25-VD  for  48  h  and  then  incubated 
with  actinomycin  D  (5  p-g/ml)  for  2, 4,  8  and  16  h.  Total  mRNA  was  prepared 
and  analyzed  by  real-time  PCR.  The  MMP-9  mRNA  levels  before 
actinomycin  D  treatment  were  set  as  100%.  Data  are  expressed  as  the  mean 
±  SD  of  triplicate  samples. 


PC-3  nuclear  extracts.  As  shown  in  Figure  6C,  increased 
amounts  of  c-Jun  proteins,  one  component  of  the  AP-1 
complex,  were  pulled-down  by  wild-type- AP-1  DNA  when 
cells  were  treated  with  TPA  or  1,25-VD  (lanes  2  and  3  versus 
1);  however,  no  c-Jun  protein  was  pulled-down  by  mt-AP-1 
DNA  (lanes  4-6).  These  results  indicated  that  1,25-VD  acti¬ 
vated  TIMP-1  mRNA  expression  and  its  activity  through  the 
up-regulation  of  AP-1  complexes,  and  the  enhancement  of 
TIMP- 1  results  in,  at  least  partly,  inhibition  of  MMP  activity 
and  invasiveness  of  cancer  cells. 

Discussion 

There  are  several  steps  in  tumor  progression  that  could  be 
regulated  by  1,25-VD.  First,  1,25-VD  is  a  potent  growth 
inhibitor  for  cells  of  epithelial  origin  or  distal  metastasis,  and 
this  is  achieved  by  inducing  cell  cycle  arrest,  differentiation  or 
apoptosis  (47).  Second,  1,25-VD  reduces  tumor  metastasis, 
and  this  is  thought  to  involve  the  regulation  of  proteases 
(25,30).  Third,  1,25-VD  has  been  shown  to  inhibit  neo¬ 
angiogenesis  of  cancer  cells  (48).  In  this  study,  we  found 
1,25-VD  decreased  cell  invasion  of  three  human  prostate 
cancer  cell  lines,  LNCaP,  PC-3  and  DU  145,  to  a  similar 
degree  by  modulating  the  activity  of  selective  proteases  and 
their  corresponding  gene  expression. 

Type  IV  collagen  is  a  major  structural  protein  in  the  base¬ 
ment  membrane  and  ECM.  A  number  of  studies  have  linked 
elevated  MMP-2  and  MMP-9  levels  with  an  increased  tumor 
metastatic  potential.  In  human  prostate  cancer  cells  and 
mononuclear  phagocytes,  1 ,25-VD  has  been  reported  to  reduce 
MMP-9  activity  (25,49),  which  is  similar  to  our  results 
(Figure  2A  and  B).  In  our  data,  we  found  that  1,25-VD  inhibits 
MMP-9  transcript  expression  in  all  three  cell  lines  (Figure  2D), 
which  led  us  to  further  dissect  the  molecular  mechanisms 
underlying  this  suppression.  It  is  known  that  the  human 
MMP-9  promoter  contains  regulatory  elements  for  AP-1 
(-533,  -79),  NF-kB  (-600),  SP-1  (-558)  and  polyoma 
enhancer  A3  (PEA3)  (—540)  (50).  The  expression  of  MMP-9 
is  regulated  by  various  growth  factors,  cytokines  and  onco¬ 
genes,  including  FGF-2,  EGF,  HGF,  TNF-a  and  Ras,  mainly 
through  binding  to  AP-1  and  NF-kB  binding  sites  (51-54). 
1,25-VD  has  been  reported  to  inhibit  NF-kB  activity  in  human 
lymphocytes  and  fibroblasts  by  either  decreasing  NF-kB  DNA 
binding  capacity  or  decreasing  the  expression  of  its  precursor 
protein  (55,56).  Thus,  we  hypothesized  that  1,25-VD  might 
decrease  NF-kB  activity  and  consequently  decrease  transcrip¬ 
tion  of  MMP-9.  However,  we  failed  to  show  that  1,25-VD 
decreased  the  transcriptional  activity  of  1 .9  kb  of  the  MMP-9 
promoter  (Figure  5A)  or  NF-kB  transcriptional  activity 
(Figure  5B),  whereas  AP-1  activity  was  increased 
(Figure  5C).  Therefore,  cell-specific  factors,  other  than  NF- 
kB,  or  some  post-transcriptional  modifications  might  be 
involved  in  1,25-VD  mediated  suppression  of  MMP-9  gene 
transcription  in  human  prostate  cancer  cells,  and  such  factors 
have  yet  to  be  determined. 

Involvement  of  1,25-VD  in  the  regulation  of  the  PA  system 
has  been  reported  in  human  keratinocytes,  rat  osteogenic  sar¬ 
coma  cells,  U-937  mononuclear  phagocytes  and  human  breast 
cancer  cells  (30,57-59).  Down-regulation  of  uPA  by  1,25-VD 
was  found  at  the  transcriptional  level  in  HT-1080  human  ker¬ 
atinocytes.  The  uPA  promoter  contains  SP-1,  c-ets-1,  cAMP 
responsive  elements  and  two  AP-1  sites  (60).  Promoter  activity 
analysis  of  the  uPA  suggested  that  the  1,25-VD  responsive 
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Fig.  6.  Regulation  of  tissue  inhibitors  of  metalloproteinase- 1  promoter  activity  by  1,25-VD.  (A)  Schematic  structure  of  TIMP-1  promoter  constructs  used  for 
testing  luciferase  activity.  (B)  Effects  of  1,25-VD  on  the  activities  of  TIMP-1  promoter  constructs.  PC-3  cells  were  transiently  transfected  with  0.8  p,g/well  of 
different  lengths  of  TIMP-1  reporter  constructs,  and  treated  with  ethanol  vehicle,  100  nM  TPA,  1  nM  or  100  nM  1,25-VD,  as  indicated,  for  24  h.  Reporter  gene 
expression  was  measured  via  the  luciferase  assay.  The  fold  induction  of  luciferase  activity  is  presented  relative  to  the  transactivation  observed  upon  vehicle 
treatment,  indicates  significant  (P  <  0.05)  difference  between  control  and  TPA-  or  1,25-VD-treated  groups.  (C)  1,25-VD  increases  AP-1  DNA  binding  on  the 
TIMP-1  promoter.  Nuclear  extracts  were  prepared  from  PC-3  cells  that  were  serum-starved  for  24  h  and  stimulated  with  ethanol  vehicle,  100  nM  TPA  or  1,25-VD 
for  3  h.  30  jig  of  nuclear  extract  was  incubated  with  either  wild-type-  or  mt-AP-1  probes  as  described  in  Materials  and  methods.  After  DNA  pull-down  assay  was 
performed,  proteins  in  the  resulting  DNA-protein  complexes  were  separated  by  10%  SDS-PAGE  and  analyzed  for  the  c-Jun  by  immunoblot  analysis.  The  nuclear 
extracts  (lanes  7-9)  represent  50%  of  protein  used  in  the  pull-down  assay.  The  level  of  DNA  binding  was  extrapolated  by  densitometric  analysis  and  values 
represent  the  fold  changes  relative  to  untreated  control  PC-3  cells.  N.S.,  non-specific. 


regulatory  region  is  located  between  nucleotides  —2350  and 
—  1870  (30),  yet  no  known  vitamin  D  inhibitory  sequences 
were  found  within  that  region.  The  changes  of  PA  systems  in 
response  to  1,25-VD  seem  to  be  cell-type  specific.  In  ker- 
atinocytes  and  breast  cancer  cells,  1,25-VD  down-regulates 
PAs  and  up-regulates  PAI-1,  whereas  in  sarcoma  cells  and 
phagocytes  PA  activities  are  enhanced  and  PAIs  are  sup¬ 
pressed  (30,57-59).  Hoosein  et  al.  (61)  reported  that  the  pres¬ 
ence  of  uPAR  in  PC-3  and  DU  145  cells  was  correlated  with 
high  invasive  ability,  whereas  LNCaP  cells,  which  lack  uPAR, 
have  poor  invasive  ability.  We  also  found  that  endogenous 


mRNA  expressions  of  uPA  and  uPAR  are  much  higher  in 
PC-3  and  DU  145  compared  to  LNCaP  cells  (Figure  3C  and 
Supplementary  Figure  2),  however,  1,25-VD  treatment 
slightly  induced  total  PA  activities.  These  data  indicate  that 
PA  activities  might  be  important  for  cancer  cell  invasion,  but 
that  1,25-VD  has  no  effect  on  the  PA  system  in  achieving  its 
anti-invasive  effects  in  human  prostate  cancer  cell  lines. 

Increased  expression  and  activity  of  CPs  are  seen  in  osteo¬ 
clastomas,  melanomas,  gliomas,  breast,  colorectal,  gastric, 
lung  and  prostate  carcinomas  (12-15),  suggesting  that  these 
proteases  might  be  involved  in  the  development,  invasion  and 
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metastasis  of  cancer  cells.  However,  up-regulation  of  CP  B  and 
increased  apoptosis  after  1,25-VD  treatment  was  found  in  the 
MCF-7  human  breast  cancer  cell  line  (62).  Similarly,  1,25-VD 
induced  CP  D  gene  expression  and  differentiation  in  the  HL- 
60  human  myeloid  leukemia  cell  line  (63).  These  findings 
suggested  that  CP  might  have  other  biological  functions 
besides  promoting  cancer  cell  invasion.  Nevertheless,  the 
effects  of  1,25-VD  on  CPs  and  CPIs  in  prostate  cancer  devel¬ 
opment  and  metastases  have  not  been  established.  CP  H  and 
cystatin  M  have  been  shown  to  be  down-regulated  and  up- 
regulated  by  1,25-VD  in  squamous  carcinoma  cells,  respec¬ 
tively  (64).  Cystatin  A  expression  and  promoter  activity  also 
can  be  up-regulated  by  1,25-VD  in  human  keratinocytes  (65). 
From  our  data,  1,25-VD  effects  on  CP  activity  were  not  con¬ 
sistent  among  the  three  cell  lines  we  used.  CP  activity  was 
down-regulated  in  LNCaP  and  DU  145  cells,  but  up-regulated 
in  PC-3  cells  (Figure  4A),  yet  1,25-VD  enhanced  CPI  activities 
in  all  the  cell  lines  (Figure  4B).  However,  the  mRNA  expres¬ 
sion  of  potential  targets,  CP  B,  CP  H,  CP  L,  cystatin  A  and 
cystatin  M,  showed  no  significant  change  upon  1,25-VD  treat¬ 
ment.  Therefore,  the  net  CP  protease  activities,  calculated  by 
the  C:I  ratio,  were  decreased  by  1,25-VD  treatment,  which 
might  contribute  to  the  anti-invasion  action  of  1,25-VD,  but 
potential  targets  and  detailed  mechanisms  need  to  be  further 
investigated. 

Among  the  three  major  groups  of  proteases  and  their 
inhibitors  we  tested,  TIMP- 1  is  the  most  promising  target  for 
the  anti-invasive  effects  of  1,25-VD  in  human  prostate  cancer 
cells.  Experiments  have  shown  that  recombinant  TIMP-1 
(rTIMP-1)  inhibits  the  invasion  of  tumor  cells  through  amni- 
otic  membranes  (66).  Administering  rTIMP-1  to  mice  injected 
with  metastatic  B16  melanoma  cells  also  inhibits  the  formation 
of  lung  metastases  (66).  TIMPs  are  able  to  inhibit  the  active 
forms  of  all  of  the  MMPs.  These  data  all  suggest  that  the 
invasive  and  metastatic  ability  of  cancer  cells  can  be  altered 
by  changing  the  MMP:TIMP  ratio.  A  concomitant  increase  in 
the  secretion  of  TIMP-1  and,  to  a  slightly  lower  extent,  TIMP- 
2  by  1,25-VD  was  observed  in  MDA-MB-231  human  breast 
cancer  cells  (30).  As  we  have  shown  in  Figure  2C  and  E, 
TIMP-1  activity  and  expression  were  increased  by  1,25-VD 
treatment.  The  1.7  kb  TIMP-1  promoter  contains  at  least 
10  consensus  binding  sites  for  SP-1,  6  for  AP-1,  6  for  PEA3, 
12  for  AP-2  and  5  CCAAT  boxes.  (41).  Point  mutations  con¬ 
firmed  that  the  AP-1  site  at  —92/— 86  is  essential  for  basal 
expression  and  for  TPA  to  induce  this  gene.  Several  lines  of 
evidence  indicate  that  1,25-VD  can  increase  the  gene  tran¬ 
scriptional  activity  via  modulation  of  AP-1  abundance  or 
DNA  binding  activity  (67,68).  Here,  we  provide  strong  evi¬ 
dence  showing  that  1,25-VD  activates  the  TIMP-1  promoter 
through  an  AP-1  site,  and  the  AP-1  site  with  a  point-mutation 
in  the  TIMP-1  promoter  diminishes  the  1,25-VD  response 
(Figures  5C  and  6B).  DNA  pull-down  assays  demonstrated 
that  1,25-VD  induced  the  active  AP-1  complexes,  which  then 
bound  to  the  TIMP-1  promoter  to  induce  TIMP-1  expression. 

Metastases  are  responsible  for  most  cancer  mortalities,  and 
any  indication  of  metastatic  cells  would  therefore  justify 
aggressive  therapy.  Invasion  of  the  basement  membrane  is 
a  critical  step  in  the  metastatic  cascade,  therefore  agents  that 
inhibit  invasiveness  have  obvious  potential  as  anticancer 
drugs.  Our  study  demonstrates  that  1,25-VD  significantly 
inhibits  human  prostate  cancer  cell  invasion.  This  inhibition 
of  invasion  is  associated  with  a  decrease  in  MMP-9  protease 
activity  and  an  increase  in  the  production  of  protease 


inhibitors,  such  as  TIMP-1  or  CPIs.  The  ability  of  1,25-VD 
to  inhibit  cancer  cell  invasion  supports  clinical  uses  of  1,25- 
VD  in  the  treatment  of  advanced  stage  prostate  cancer,  and 
may  lead  to  more  effective  vitamin  D-based  therapeutics 
designed  to  control  the  metastatic  potential  of  many  tumors. 

Supplementary  material 

Supplementary  material  can  be  found  at:  http://www.carcin. 
oxfordjournals.org/ 
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